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ABSTRACT 
The present work is an attempt at evaluating E-glass fibre reinforced epoxy resin matrix 
composites when exposed to various environmental severities including temperature 
fluctuations. The conditions to which the representative sample of the Glass fibre reinforced 
polymer (GFRP) composite is exposed in the present investigation, include hydrothermal and 
hygrothermal conditioning with up and down thermal shock; sea water immersion followed 
by up and down-thermal shock; flowing of sea water in a GFRP pipe with temperature 
fluctuations and gamma irradiation. The performance of the material is thus, thoroughly 
investigated and on the basis of the findings, an effort is made to comment on the life-span of 
the GFRP composite for its safe use under the environmental severities.  
The mechanical properties of the composite are noticeably altered as the material picks 
up moisture. When exposed to sea water on immersion/flow of sea water in a GFRP 
composite pipe; it is observed that the intake of moisture is low as compared to an exposure 
to distilled water through immersion/exposure to moisture laden atmosphere. Different salts 
present in the sea water penetrate to different depths in to the composite matrix; this order 
being Ca > Mg > K > Na; as dictated by catalytic effects and the growth of micro-organism 
on the composite surface. It is also observed that low intensity gamma irradiation is more 
harmful to the composite as compared to high intensity irradiation which may be due to 
cross-linking of polymer network of the epoxy resin due to free radical reactions. Glass 
transition temperature (Tg) for all exposed composites decrease in general under the influence 
of the adverse factors.  
The deteriorating effect under hygrothermal and hydrothermal exposures is time 
dependent. Hygrothermal exposure causes more deterioration of the property of the 
composite in comparison to hydrothermal exposure. ILSS decreases 26.6 MPa to 20.08 MPa 
after 90 days of hygrothermal exposure, correspondingly, Tg decreases from 120
0
C to 
98.08
0
C. For both up and down-thermal shocks, the hygrothermal and hydrothermal 
exposures bring in greater deteriorations, the ILSS decreasing up to17.62 MPa and 18.12 
MPa respectively. More significant results have been presented for the GFRP composite pipe 
allowed for 1 year of sea water flowing. ILSS of GFRP pipe sample decreases up to 23% of 
ii 
 
as-cured sample after 1 year of exposure to flowing sea water. Tg for such treated pipe 
sample decreases to 93.27
0
C from 120
0
C for as-cured one. Depth of penetration of the salt 
components of sea water is more for ‘Ca’ compared to other salt components showing 
750 m . 
It is further observed that the rate of variation of the mechanical properties like inter 
laminar shear strength (ILSS), stress and strain at rupture of the material diminishes with 
lapse of time indicating a safe suitable use of the material over prolonged periods.  
The modes of failure as revealed from the scanning electron microscope (SEM)  
fractographs include fibre/matrix debonding, fibre pull out, fibre breaking, matrix cracking as 
well as crazing, etc.  
Key Words: GFRP (Glass fibre reinforced polymer) composite, Glass Transition 
Temperature (Tg), SEM Fractographs 
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INTRODUCTION 
1.1 Background 
The use of glass fibre reinforced epoxy composite in various applications with advantage 
is undisputed. These may include aerospace materials, ship building materials, automotive 
industry in seismic retrofit of columns and strengthening of walls, new building frames and 
bridges pertaining to Civil Engineering etc. GFRP pipes are now in demand for the transport 
of liquids, especially sea water, for desalination. Further, these materials are now considered 
for use as insulating material for superconducting magnetic coils in fusion reactors. It will not 
be out of place to mention here that such a variety of use of the materials is possible owing to 
its light weight, toughness, insulating properties, specific strength, improved fatigue 
properties and design flexibility owing to the fact that the material can be tailor made to suit 
the specific application. On account of the above, it is only pertinent that these materials 
retain stability of structure and structure related properties under the unique, specific, service 
related environmental exposures over prolonged periods for their trouble-free long-life.  
Therefore, it is imperative that these materials are evaluated under the stringent 
environmental conditions of moisture, humidity, temperature fluctuations including thermal 
shock, nuclear radiations, marine environment and any combination of the above to which 
they ought to be exposed during their life time.  
The GFRP consists of epoxy resin as the matrix that houses and holds in position the 
glass-fibres, the combination offering the improved properties as listed above, over the 
conventional materials. While in operation both the matrix which transfers the external shock 
to the fibre and the fibre which encounters the mechanical shock, must stand the shock 
effects even under environmental severities. In addition the glass-matrix interface, where the 
shock is actually transmitted from the matrix to the fibre, must transfer the shock efficiently 
and effectively to the reinforcement (fibre) without getting affected itself in anyway. These 
can be achieved if materials concerned and process variables are judiciously chosen. An 
arguer on these fronts requires an in-depth study, experimentation and evaluation of the 
material under the injury-prone environment of application. 
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1.2 Research Motivation 
The absorption of moisture in GFRP composites, whether due to immersion in plane or 
sea water or simply due to exposure to a humid atmosphere, is considered to be the prime 
cause of deterioration of the thermo-physical, mechanical and chemical characteristics of the 
epoxy matrix by plasticization and hydrolysis [1, 2]. The degree of deterioration of the 
characteristic properties of the composite under the influence of moisture is temperature 
dependent, the extent of damage being dictated by a temperature fluctuation as well as a 
thermal shock when the material is suddenly exposed to a sub-zero temperature after a 
prolonged exposure to a relatively higher temperature or vice-versa. This is despite the fact 
that high temperature immersion in moisture results in an increase in moisture absorption, 
decrease in tensile strength and ductility [1] and interfacial adhesion [3]. However, room-
temperature moisture ingression causing swelling and plasticization of the matrix may result 
in relaxation in curing stresses and even compensate for any interfacial degradation. On the 
other hand when the FRP composite is immersed in water (Hydrothermal exposure), a 
thermo-oxidative degradation is promoted affecting the epoxy network and resulting in the 
weakening of the glass-epoxy interfacial bond, lowering the shear strength of the composite 
[4].  
The driving force for moisture absorption is an osmotic pressure which is concentration 
driven [5]. However, the osmotic pressure may not be a greater problem pertaining to sea 
water exposure as compared to exposure to ordinary water.  
On exposure to sea water the saturation in moisture content in the composite, as 
compared to distilled water immersion, is reduced due to the presence of salts in the sea 
water [6]. However, even after an immersion of one year in the sea water little permeation of 
the dissolved salts is noticed in to the matrix or fibre/matrix interface of the composite, as 
evidenced through X-ray spectra for specimen cross-section. It is believed that moisture 
transport in to the composite, when immersed in sea water, involves a fibre related 
mechanism. Experimenters [7] opine that moisture transported along the interface and/or 
continuous diffusion through the matrix by a process of osmosis, actually causes an etching 
of the surface of the glass fibre. This osmosis driven moisture of the interface leach the alkali 
metal oxides from the E-glass fibre, increase the concentration of the salt solution, stiffen the 
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concentration gradient and result in the further absorption of moisture at the interface. It is 
also reported [8] that the transported aqueous solutions may enhance the rate of flaw-growth 
by hydrolyzing the silaxane groups of the glass fibre.  
During service the composite material is likely to get exposed to thermal shocks/stresses 
caused by sharp changes in temperature due to high speed collision, electrical faults, by-
chance lightening, etc. In addition if these defects in the composite body are caused during 
the process of manufacturing or during its actual service life, the thermal stresses due to 
temperature fluctuation could get concentrated around these defects and could cause 
catastrophic failure. Changes in temperature help develop changes in relative rates of 
moisture absorption and relaxation processes in the body of the matrix. Moisture absorption 
at an elevated temperature may also cause severe, irreversible damages like cracking, 
blistering, chemical degradation, debonding, hydrolysis, oxidation and leaching of small 
molecules in the matrix and/or fibre [9]. In this context it is only desirable that sufficient data 
is generated and made available to the Scientist-community pertaining to exposure of the 
composite material to hydrothermal, hygrothermal, saline environments with concurrent 
thermal shocks/stresses.  
The E-glass fibre reinforced epoxy matrix composite is an important component material 
of superconducting magnets. In such magnets the polymer composites are used as mechanical 
supporters, electrical and thermal insulators [10-13]. For such specific uses, the most 
concerned factor lies in the property-degradation when exposed to irradiation of neutrons 
and/or gamma-rays. The polymer composite must possess strong resistance to radiation for 
its use as a component material for construction of fusion magnets. Keeping this in view 
several workers have studied the irradiation effects on the mechanical and electrical 
properties of such composites [14, 15]. Experimenters report that irradiation causes fibre 
matrix debonding [16] and that the radiation damage is more prominent at the fibre-matrix 
interface rather than that in the matrix body. On the basis of the above it can be concluded 
that degradation in mechanical properties in such composites is a consequence of a decreased 
capacity of load transfer from the matrix to the fibre due to the damage caused at the 
interface [17]. It is only pertinent to conduct further investigations to throw further light on 
these findings.  
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1.3 Objectives and Experimental Design 
 Keeping the above in mind, the present investigation aims at evaluating the material 
(GFRP Composite) under exposures to hydrothermal, hygrothermal, sea water immersion, 
sea water transport (for flow of sea water) and Gamma irradiation conditions and includes the 
response of the material to thermal fluctuations also.  
(i) Hygrothermal and Hydrothermal exposures including thermal shock conditioning 
The present work is an attempt at evaluating the material under the attack of moisture 
under hygrothermal (moisture laden atmosphere) as well as hydrothermal (water immersion) 
conditionings. The mechanism and extent of moisture ingression, the damages caused and the 
mechanism of failure have been discussed at length.  
The ingresses moisture plays an important role in influencing the performance of 
composite material under exposure to thermal shock (both up-thermal and down-thermal) 
conditioning. The present work is an attempt at evaluating the material when exposed to 
thermal shocks after hygrothermal/hydrothermal conditioning.  
(ii) Sea Water immersion with concurrent thermal shock 
 There is severe lack of information concerning long term effects of sea water ageing 
of GFRP composites. The objectives of the work is to record some further information 
concerning the response of GFRP composites subjected to sea water immersion for a total 
period of 1 year.  
 GFRP composites are supposed to meet thermal fluctuations during their use in 
marine environment. The present work is, therefore, focused to evaluate the sea water 
immersed GFRP composites to thermal shock exposure of varying time periods.  
(iii) Flow of Sea water in GFRP composite pipe under temperature fluctuations 
GFRP composites can be used as non-corrosive pipes in desalination plants for 
transport of sea water for prolonged periods. The present work is an attempt at evaluating the 
GFRP composite pipe subject to continuous flow of sea water over a year.   
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(iv) Exposure of GFRP composites to Gamma irradiation 
 The choice of GFRP composites for use as electrical and thermal insulators for 
superconducting magnets in nuclear reactor demands evaluation of the material under 
exposure to irradiation of gamma rays. The present work is an attempt at evaluating the 
GFRP composites subject to gamma irradiation of low and high intensity doses.  
The processes and procedures adopted in the thesis work are mentioned below.  
Eighteen ply GFRP composite is fabricated by hand lay-up method. Short beam shear 
(SBS) specimens are exposed to the environments as mentioned above. The percentage of 
moisture gain as a result of hygrothermal/ hydrothermal conditioning and sea water 
immersion are determined as per the weight gain data. Mechanical properties like inter 
laminar shear strength (ILSS), stress/strain at rupture and modulus of the treated composite 
samples are determined by adopting 3-point bend test. The treated composite samples are 
also allowed for differential scanning calorimetry (DSC) test to record the glass transition 
temperature (Tg). The results pertaining to the above are compared with those for the as-
cured sample. After the exposure to sea water ageing (immersion and flowing), the GFRP 
specimens are allowed for EDS analysis to determine depth of penetration of various salt 
components of sea water. In addition to this, the irradiated GFRP samples are subjected to 
Thermo-gravimetric analysis (TGA) and Fourier transformation infrared spectroscopy 
(FTIR) to gather information pertaining to thermal decomposition pattern and bond behavior, 
respectively. The SEM fractographs of the exposed samples are analyzed to know the causes 
of failure.  
1.4. Novelty of the Research 
 To gauge the effect of environmental severities, the period of exposure of the 
composite to these severities has been extended from several weeks to several months (up to 
1 year). Such expansion in period of exposure is expected to bring in a deterioration of 
properties depicting the maximum lowering of the characteristic behaviour of the composite. 
It is only expected (as revealed from experimental results) that there will not be any 
significant variations in the properties under any longer periods of exposure. 
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1.5 Structure of Thesis 
The work is presented in 7 chapters and 2 appendices. Every chapter starts with a well 
defined introduction and suggestive conclusions. The 1
st
 chapter, ‘Introduction’ attempts to 
give an insight to the work under taken and highlights the procedure adopted in the 
completion of the investigation. 
 The 2
nd
 chapter on ‘Literature Review’ is dedicated to an extensive survey of the 
work carried out by other investigators/agencies in the field. The work carried out by these 
workers has been referred, wherever necessary, to explain and support the present 
experimental findings. This chapter has been dedicated to gather clear cut information 
regarding the performance and effect of glass fibre reinforced polymer matrix (GFRP) 
composites under various environmental exposures, like hydrothermal/hygrothermal 
conditioning, sea water ageing, and thermal shock to moisture conditioned FRP composites. 
The review of literature also includes the effect of gamma irradiation to fibre reinforced 
polymer composites. At the end of this chapter, some conclusive findings from different 
literatures are listed in a tabular form, under ‘A Bird’s eye view of Literature Review.’ 
 The 3
rd
 chapter, ‘Materials and Methods of Experimentation’ is devoted to explain the 
materials and its components involved in the experimentation and experimental procedure 
adopted in the present investigation along with the experimental arrangements and details of 
experiments carried out. The instruments/apparatus and the prescribed experimental norms as 
adopted in the present investigations have been explained in details. 
 The 4
th
 chapter houses the results in the form of tables, graphs, bar-diagrams, SEM – 
micrographs etc. which have been generated while carrying out the investigations. This 
chapter also houses a detailed discussion of the results made on the basis of the experimental 
data. Finally, on the basis of the experimental findings some useful conclusions have been 
provided in the 5
th
 and the last chapter. The bibliography is presented at length. 
The details of Broido’s integral method for calculation of activation energy for 
thermal decomposition of irradiated GFRP composites are mentioned in Appendix-1.  
Appendix-2 contains the error values of the mechanical properties (ILSS, stress at 
rupture, strain at rupture and modulus) for the exposed composite specimens.  
******* 
  
 
 
 
Chapter-2 
LITERATURE REVIEW 
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LITERATURE REVIEW 
2.1 Introduction 
Composite materials have introduced a great deal of achievements in the Science and 
Technology of recent times [18]. Improvements achieved for these materials since 1970 
and use of the same has expanded rapidly in the world of industry. In a Composite 
material two or more constituents are combined with a well defined interface, taking 
benefits of the each of the constituents. One of the constituents is called matrix, which 
adheres the other, called reinforcement. The matrix transfers the load to the 
reinforcement. The reinforcement should be potentially strong enough to withstand the 
load. Common examples of composite materials are wood and concrete [19]. 
There are many potential advantages offered by composite materials in various 
applications in various industries like aerospace, ship building, automotive, civil 
infrastructures etc., due to some distinct advantages over many conventional materials 
like aluminium and steel. The major benefits are their low density, excellent durability, 
higher specific strength and stiffness, superior corrosion resistance, improved fatigue 
properties, life cycle cost reduction, design flexibility etc. [20,21]. The attractiveness of 
commercial transport aircraft is so augmented due to formulation of composite material 
having light weight property, which can enable better fuel economy and therefore lowers 
operating costs [22]. Initially, the use of composite materials in aircraft was limited to less 
than 2% but with extensive research in the field, the usage being increased to excess of 
50%. The most important drawback is their susceptibility to out-of-plane impact damage 
such as that imparted even by the accidental fall of a tool.  
There are three different types of composite materials (Metal Matrix Composites, 
Ceramic Matrix Composites and Polymer Matrix Composites) according to the nature of 
the matrix; out of which polymer matrix composites (PMCs) are to date the most 
successful composite material system with a wide range of applications spanning from 
electronic products to advanced aerospace structure. This is mainly due to the variety of 
properties that can be obtained by hybrid composites fabricated using a mixture of various 
reinforcement materials such as fibres of glass, carbon, aramid in the matrix of a suitable 
polymer. [23]. 
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Today GFRP (Glass fibre reinforced polymer) composite is a most successful 
engineering material, which finds its use in various sectors. The inclusion of glass fibre 
which is relatively less costly compared to carbon fibre also reduces the overall cost of 
the hybrid composite [24]. E-glass fibres owing to its low cost and acceptable levels of 
achievable ultimate strain are employed in preference to carbon fibres as the most 
potential reinforcing agents [25]. The average bond strength between an epoxy resin and 
an E-glass fibre (≈ 33 MPa) is lower than that with a carbon fibre (≈ 57 MPa) [26]. It is in 
this context, one can anticipate that, achieving the required mechanical and physical 
properties of glass fibre based composites compared to that of carbon fibres based 
composite material is of course a challenging job on the basis of high cost of carbon 
fibres as well as relatively higher bond strength of carbon fibres with epoxy polymer. 
However, even a slight improvement in properties of glass fibre based FRP composites 
may prompt anyone to consider the replacement of carbon fibres by glass fibres for 
different uses in any environment on the basis of lower cost.  
Now-a-days, offshore oil and gas companies are using composite pipes for transport 
of water for desalination purposes. Glass fibre reinforced polymer matrix composite is a 
preferable material for fabricating pipes taking advantages over common steel pipes. In 
fact, the cost of installation and maintenance of composite pipes is reportedly lower than 
that of steel pipes. One can also cite the lower density and hence weight savings on the 
final structure and corrosion resistance of resin composite pipes over the advantages 
obtained while employing steel pipes [27]. GFRPs have been employed in construction 
area due to their life-cycle cost competitiveness as reinforcing elements in Portland 
cement concrete environment with pure water, as structural shapes for non-corrosive 
environments such as bridge decks, building columns, sewage treatment plates and in the 
repair of deteriorated concrete or wooden structure by wrapping with fibre reinforced 
polymer outer layers to increase strength, stiffness and seismic resistance of structures 
[28]. GFRP composites have affirmed the potentiality for their use as the components of 
superconducting magnets of fusion reactors [10-13]. Wide spread utilization of GFRPs in 
construction has, however, been hindered by the lack of long-term durability and 
performance data on which design calculations can be based. Especially when it is 
realized that FRP composites used in infrastructure applications are intended to have a 
service life in excess of 50 years, the use of GFRP is limited. 
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Mammoth efforts have been attempted by the researchers to have clean and clear-cut 
information regarding the durability of fibre reinforced polymer matrix composites under 
various environmental exposures. Composite materials, during their specific use in 
different technological sectors, get exposed to various hostile environments. Fibre 
reinforced polymer composite materials have established their performance in more or 
less aggressive environments like high/low temperature, humidity, marine environment, 
corrosive environment, chemical exposure, nuclear radiation; still their durability is a 
great issue concerning their lower damage tolerance. The damaging effects of 
environmental exposure of GFRP composites as opposed to its long term retention of 
various properties on mechanical, physical and chemical fronts are of significant concerns 
for such applications where the service life can span over several decades and little or no 
maintenance is expected. In retrospection it is, therefore, not surprising that experimental 
and theoretical work on environmental exposure to FRP composite material was still 
constitutes an active research topic across many disciplines [29, 30].  
It is in this context that this chapter houses the summery of work conducted by 
various experimenters on FRP and on the effects of its exposure to various environmental 
degrading agents on the background of which further attempts can be made for furthering 
their valued findings.  
In retrospection to the literatures from different sources (Book chapters, Journals, 
Conference proceedings, Previous Thesis etc.), the study of literature give an insight of 
the previous works. The review is in the following order: 
(i) FRP composite and hydrothermal exposure  
(ii) FRP composite and hygrothermal exposure  
(iii) FRP composite and sea water ageing  
(iv) FRP composite in desalination plants 
(v) FRP composite and thermal shock  
(vi) FRP composite and Gamma irradiation  
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2.2 FRP Composite and Hydrothermal Exposure 
A common phenomenon, the combined effect of moisture and temperature is so called 
hydrothermal environment [31]. Typically the testing materials are said to be immersed in 
some liquids (distilled/saline) and the environment of immersion maintained at certain 
temperature higher to ambient condition. FRP composite structures are expected to 
experience a range of hydrothermal environmental conditions during the service life. Here 
the temperature of immersion may enhance the absorption of moisture in to the composite 
body more compared to ambient immersion. This absorbed moisture can alter the stress 
state in the composite system and may degrade the interface, which plays an important 
role in the bonding characteristics between fibre and matrix. Hydrothermal ageing can 
promote thermo-oxidative degradation in polymer structure [8]. It is also widely 
acknowledged that hydrothermal ageing may significantly weaken the material 
constituents, thereby changing the mechanisms of first damage creation during fatigue 
loading [32]. When FRP composites are exposed to moisture conditionings at elevated 
temperature for prolonged period, the glass transition temperature (Tg) usually decreases 
and therefore, the service temperature of the material changes [33]. The inter-laminar 
adhesion may be affected by this ageing process; thereby decrease of modulus of the 
material being visible. Several mechanisms of micro-structural failure are associated due 
to the hydrothermal ageing. Hence it is pertinent to mention the details about the effect of 
hydrothermal ageing on FRP composite. Before discussing this section, some theories are 
necessary to mention here i.e. moisture absorption process in polymer structure, Fickian 
and Non-Fickian diffusion, cause of Non-Fickian diffusion, moisture uptake profiles and 
of course the effect of moisture on matrix and fibre.   
2.2.1 Moisture sorption on Hydrothermal Exposure 
Hydrothermal exposure as usually contains a huge amount of moisture content and 
this may greatly affect the polymer based composite materials; the phenomenon being a 
complex issue.  Polymers are highly complex materials that vary in structure and physico-
chemical properties and polymeric composites adjoin an assortment of fibres with 
extremely intricate fibre/matrix interphases and interfacial bonding which is already a 
complex situation. The further complexity arises due to ingress of fluids of many kinds, 
which interact differently with the polymer, the fibre and the interface within the 
composite [34].  
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Composites, typically polymer based, absorb moisture when operating in changing 
environmental conditions. High moisture and high temperature in the real environmental 
condition can limit the usefulness of the composite material by deteriorating physical and 
mechanical properties. Plasticization, swelling and hydrolysis are some common 
degrading phenomena, which occurs during moisture absorption process. Impact of 
environmental factors such as temperature and moisture on FRP composites are of 
significant concerns [3]. There are three ways of water absorption recognized widely. 
First, water molecules diﬀuse in to the matrices; Second, the ﬁbre/matrix interface 
capillarity eﬀect speeds up the diﬀusion of water molecules; Third, void and micro-cracks 
in composites store water and increase water absorption. The latter two are often damage-
dependent. A damaged composite will absorb much more water. The damage, such as 
matrix cracks and interface debonding, is often a result of the exposure to a moisture 
conditioning [35].  
The Fickian diffusion model [36] is derived from the one dimensional form of 
Fick’s 2nd law, i.e.  
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where, ‘m’ is the concentration of penetrant (i.e. moisture), ‘D’ is the diffusion coefficient 
of the penetrant in to a medium (i.e. polymer matrix), ‘t’ is the time and ‘ x ’ refers to 
position. The total weight gain )(tM  can be determined by integrating the concentration 
at any position and time with respect to position [36] i.e.  
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where ),( txm = concentration of moisture which depends upon the position of the sample 
and time of diffusion. 
The temperature dependence of the diffusion co-efficient of diffusion can be expressed by 
an Arrhenius-type of relationship [34] 
i.e. RT
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where D  = time dependence diffusion co-efficient 
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          0D = pre exponential term or permeability index 
          aE = activation energy of the diffusion process 
          R = gas constant 
Slope of the curve for D  Vs a1  gives the value of aE  and the intercepts gives for the 
value of 0D . 
Moisture diffusion can be accelerated by increase in temperature. With increase in 
moisture content, the rate of absorption decreases and approaches a maximum for a 
particular environment. There is usually a maximum temperature/moisture content above 
which the moisture kinetics becomes Non-Fickian [19]. Fick’s 2nd law for a concentration 
independent moisture diffusion process for a long period of exposure in the solution can 
be approximated as [36]: 
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where D = composite diffusion co-efficient 
              t  = Time at maximum moisture content 
             h  = specimen thickness 
             mM = Maximum moisture content 
 
Assuming that the moisture absorption process follows Fick’s law; the apparent D can be 
determined as [37] 
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Where eL and d are the length and width of the specimen respectively. 1M , 2M  are 
moisture contents at time t1 and t2 respectively.  
Moisture weight gain data in polymeric composites exhibit deviations from linear 
Fickian behaviour, and is called Non-Fickian diffusion. There are some possible reasons 
for Non-Fickian diffusion on polymers and get additional probable causes when 
considering polymeric composites. The glassy polymers with their highly complex 
molecular configurations exist in non-equilibrium thermodynamic state accounts for their 
inherent time dependent behaviour. Here, the absorbed moisture tends to increase the free 
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volume of polymers. The increase of free volume can lower the glass transition 
temperature of polymer. The key factor for the Non-Fickian type of diffusion is the 
increased mobility of the molecular chains and side group [38-40]. 
2.2.2 Moisture Uptake Profiles 
In many circumstances weight gain data for the sorption and desorption of fluids in 
polymers do not occur with the predictions of linear Fickian diffusion shown in Fig: 2.1 
Moisture weight gain data in polymeric composites exhibit departures/deviations from 
linear Fickian behavior along curves “A”, “B”, “C” and “D” in Fig: 2.1 [36] correspond 
to severe circumstances and are usually associated with irreversible damage and 
degradations. The solid line, designated by LF, corresponds to linear Fickian diffusion. 
(i) Curve-A: - Denoted as “Pseudo – Fickian” – continuous gradual increase in 
weight gain   – never attaining equilibrium. 
(ii) Curve-B:- Two stage diffusion 
(iii) Curve-C: - Represents to rapidly increasing moisture content within the 
composite which is usually accompanied by large deformations, damage 
growth, material break down and/or mechanical failures. 
(iv) Curve-D: - Associated with weight loss data that is attributed to irreversible 
chemical or physical break-down of a material.  
 
Fig 2.1: Schematic curves representing four categories of  
Non-Fickian weight gain sorption [36] 
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Most commonly, weight loses occur in conjunction with hydrolysis namely the 
separation of side groups from the polymeric chains and possible chain break downs, or 
the dissociation of matter located at the vicinity of fibre-matrix interfaces. 
Due to the wide variety of polymeric molecular structures and the polymeric 
composite material systems, it is impossible to make specific predictions that correlate the 
disparate sorption process typified by the different weight gain plots in Fig 2.1; with 
particular causes. However; the curve “C” and “D” in Fig 2.1 corresponds mostly to 
sorption processes that occur under elevated temperatures, high external stresses, or under 
exposure to high levels of ambient solvent concentrations. The weight gain corresponds to 
curve-C associated with substantial degradations in material integrity is associated with 
Curve-D in Fig 2.1. 
2.2.3 Factors affecting the moisture uptake 
Moisture ingression in to the composite body may be influenced by several factors 
which may cause the Non-Fickian type of moisture absorption [36]. Fluid saturation 
levels in polymers and polymeric composites may depend on the amplitudes of extremely 
applied loads. These saturation levels may increase with the magnitude of external 
tension. The hydrostatic compression may increase or reduce the uptake levels of fluids 
since external compression tends to drive more fluids into the composite, while 
decreasing the free volume entrapped within the polymers. In this case Fickian diffusion 
may deviate towards the Non-Fickian type. Non-Fickian behaviour may be explained by 
“two-phase diffusion” model. A portion of the diffusing substance is entrapped within the 
polymeric molecules and whiles other part become immobile. Here the complete 
desorption can’t predictable on drying. Hence moisture diffusion process again 
accelerates. The concentration dependent diffusivity is the cause of Non-Fickian 
diffusion.  
Factors promoting Non-Fickian Moisture diffusion [36] 
(i) Chemical reaction in polymer with some diluents 
(ii) Hydrolysis of polymer 
(iii) Temperature of moist environment 
(iv) Osmosis in Polymer matrix 
(v) Interfacial cracks and voids 
The above factors are discussed at length.  
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Some particular chemical reaction may enhance the Non-Fickian diffusion. The 
chemical reaction can introduce an inert substance into composite material. Enhanced 
weight gain is observed with solvent absorption. On the other hand, the chemical reaction 
may involve dissociation of matter, thereby diffusion induces weight loses. The deviation 
of Fickian type to Non-Fickian may occur after substantially long exposure to 
hydrothermal/hygrothermal treatment. Such type of deviations occurs due to existence of 
extremely slow rate of chemical reactions. 
Chemical reaction may break the polymer chains and dissociate them into separate 
segments. The phenomenon “hydrolysis” is irreversible and would usually result in the 
leaching of matter. This may cause weight loss in polymer. Alternatively, hydrolysis may 
have the effect of inducing micro cracks within the composite and lead to excess weight 
gains. The induced micro cracks set as the further diffusing sites for the moisture 
diffusion process. Epoxy composites are very much prone to moisture absorption due to 
presence of –OH groups (Fig 2.2) which can attract polar water molecules by hydrogen 
bonding.   
                          
                                 Fig 2.2: Network structure of epoxy resin [41] 
Temperature affects moisture absorption in several aspects. As diffusion is thermally 
activated process an increase in temperature accelerate the short term diffusion and the 
diffusion coefficient. 
Diffusion may be raised due to osmosis in polymer matrix composite, where polymer 
acts as the semi-permeable membrane. The effect of osmotic pressure may be compound 
by the micro level tensile stresses caused by the mismatch in mechanical and expansion 
properties of the polymer resin and fibre materials. 
The formation of interfacial cracks as well as voids may be the primary cause for an 
increase in the amount of solvent absorbed by the composites resulting in a transition 
from Fickian to Non-Fickian. However, the further increment is most likely due to the 
inclusion of solvent into the micro cracks and micro voids, rather than to an enhanced 
16 
 
diffusion from newly formed internal boundaries. The cyclic exposure to wet/dry 
environments increased the extent and amount of interfacial fibre/matrix cracks which is 
the cause of further moisture diffusion. This leads to the Non-Fickian type of moisture 
diffusion. 
The diffusion of penetrant molecules into polymers depends on two factors [34], namely  
(i) The availability of appropriate molecular size holes in the polymer network 
(ii) The attraction forces between the penetrant molecules and the polymer. 
 
The presence of holes and voids in the polymer may reflect some physical properties 
like degree of crystallinity, cross linking density, molecular chain stiffness and ability of 
close packing amorphous state. The formation of an appropriate hole also depends on the 
polymer and on the size of the penetrating molecules. Water molecules are hydrogen 
bonded and form clusters within the polymer. Thus the first factor affecting diffusion 
process is essentially a geometrical one. The second factor concerns the chemical nature 
of the penetrant verses that of the polymer. This factor determines the penetrant-polymer 
affinity. The presence/absence of –OH group in some polymer network structure divulged 
the water absorption capacity, which may be higher or lower.   
The coefficient of moisture diffusion for polymer resins depends on four main factors 
as follows [34]: 
(i) The polymer network structure 
(ii) The polymer polarity determining polymer-moisture affinity 
(iii) The physical morphology of the polymer 
(iv) The development of micro damage under severe humidity condition 
 
The amount of water absorbed at the interface also depends upon nature of the glass 
surface, i.e. lower the functionality of the silane is higher the cross-linking density at the 
interface and lesser will be the amount of moisture absorbed. Moisture penetration at the 
interface contributes free volume of mesoscopic origin in addition with the one existing in 
the bulk of the matrix phase. There are two main mechanisms of moisture penetration 
involved, first one is moisture diffusion into the matrix and second mechanism is 
moisture diffusion along the fibre matrix interface by capillary flow. [39] 
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The water absorbed is not usually in the liquid form but consists of molecules or 
groups of molecules or groups of molecules linked by hydrogen bonds to the polymer. In 
addition; liquid water can be absorbed by capillary action along any crack which may 
present or along the fibre-matrix interface. The absorption and desorption curves are 
always concave towards the time axis and asymptotically reach the equilibrium value. 
But, the diffusion behaviour of glass does not obey the Fick’s law. Deviation from Fick’s 
law becomes more pronounced at elevated temperature and for material immersed in 
liquids (hydrothermal environment) or exposed to an environment laden with moisture 
(hygrothermal environment) [31]. 
2.2.4 Effect of Moisture on FRP Composite 
Moisture diffusion in certain cases is helpful to the FRP composites. Glass fibre is not 
covered by the siloxane network continuously as a monolayer film. It rather forms islands 
of three dimensional networks on glass fibre. 
                           
Fig: 2.3 Effect of sizing of glass fibre (a) Control specimens, (b) Moisture Conditioned 
specimens with hydrogen bonds   [40] 
 
Initially, the moisture from the ambience or from any exposure may effectively 
decrease the attachment of siloxane layer from the glass fibre and may weaken the hilly 
structure of the coupling agent. This process may eventually create the better contact area 
between fibre and polymer, thereby the interfacial adhesion increases up to some extent, 
as shown in Fig 2.3. The larger contact area/region allows the load to transfer to the fibre 
more effectively thus maintaining the strength. But here the modulus of the material 
decreases [40]. 
The absorption of moisture to FRP composites causes degradation of matrix 
dominating properties such as inter laminar shear strength, in-plane shear strength, 
compressive modulus and fracture strength [39]. Chemical degradations include matrix 
hydrolysis and fibre degradation in some cases. Physical degradation involves 
plasticization and swelling of the matrix. The environmental degradation that occurs in a 
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FRP composite is linked directly with the amount of moisture that is absorbed. The 
polymer matrix in FRP composites undergo dilatational expansion when absorb moisture 
in hydrothermal/hygrothermal environments. The presence of moisture and the stresses 
associated with moisture-induced expansion may lower the damage tolerance and 
structural durability [3]. These effects are generally reversible when water is removed but 
high temperature exposure can promote irreversible effects which cause chemical 
degradation of the matrix and attack on the fibre-matrix interface which lead to de-
bonding in the interface and micro cracks in the composite [37,42]. Further, there may be 
increase in internal voids, chain expansion and micro cracks formation into the matrix. In 
many cases, during initial sorption period the glass transition temperature increases. 
According to Sharma et al [39], the increase of Tg may be due to formation of strong 
double hydrogen bond in the epoxy matrix or at the interface. It was also reported that, 
water at the interface causes replacement of covalent bonds between the siloxane 
backbones of the sizing material on the glass surface with strong hydrogen bonds between 
the glass surface, water molecules and the network of silane coupling agents. [43] In 
general, moisture sorption in polymeric composites may responsible for the reduction of 
inter-laminar shear strength, glass transition temperature, due to some degrading 
phenomena like plasticization, swelling and hydrolysis in the polymeric matrix [41]. 
2.2.4.1  Effect on Polymer matrix 
Polymeric matrix may suffer several detrimental effects during hydrothermal 
conditioning. Moisture from this environment can lead to occurrence of some degrading 
phenomena like plasticization, swelling, hydrolysis, matrix cracking and blistering etc. In 
the matrix, water would act as a plasticizer, increasing free volume, lowering glass 
transition temperature and relieving the internal stress. This phenomenon, called 
plasticization, in turn, may lower the modulus since the matrix became pliable due to the 
presence of the plasticizer [3]. With swelling, the liquid or solute diffuses into and is 
absorbed within the polymer; the small solute molecules fit into and occupy positions 
among the polymer molecules. Thus, the macromolecules are forced apart such that the 
specimen expands or swells. Furthermore, this increase in chain separation results in a 
reduction of the secondary intermolecular bonding forces; as a consequence, the material 
becomes softer and more ductile. The liquid solute also lowers the glass transition 
temperature and this depression below the ambient temperature may responsible for the 
transformation of a rigid phase of the material to rubbery and weak. Swelling may be 
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considered to be a partial dissolution process in which there is only limited solubility of 
the polymer in the solvent. Swelling is affected by temperature of hydrothermal 
conditioning as well as characteristics of the molecular structure. In general, increasing 
molecular weight, increasing degree of cross-linking as well as crystallinity and 
decreasing temperature of moist environment may resist the mechanical deterioration 
[44]. The hydrophobic nature of polymeric matrix may attract the hydroxyl group from 
water molecules. This process is named as hydrolysis of polymer matrix, which may 
weaken the polymer chain, thereby decreasing the cross-linking density. This may give 
rise to decrease of glass transition temperature (Tg) of the polymer. The Tg depression to 
ambient temperature may create very severe problem in FRP composite. At this situation, 
the polymer is worthless for the sole use, or for fabrication of composite.  
It is generally accepted that absorbed moisture can act as a plasticizer, hydrolyser and 
post curing promoting agent, increasing or decreasing the mechanical integrity of the 
polymer matrix to a degree dependent upon the exposure temperature of the 
hydrothermal/hygrothermal environment [45]. At first, water penetration in thermosetting 
polymers causes physical ageing known as plasticization. Plasticization results in an 
increase in molecular mobility because of small water molecules occupying positions 
between the large polymer chains. This increases the intermolecular distance, thereby 
decreasing intermolecular cohesive forces. This reversible process primarily results in a 
decrease in Tg due to higher molecular ability [46].  
The absorption of moisture from the hydrothermal environment can cause the 
depression of the glass transition temperature. Chamis et al (1987) [47] suggested that the 
effect of moisture absorption, measured by gain in weight of a resin sample, on glass 
transition temperature could be determined as 
  gorrgw TMMT 11.0005.0 2              (2.6) 
Where, rM is the percentage of weight gain as a result of exposure, goT is the glass 
transition temperature at the reference condition and gwT is the glass transition temperature 
for ‘wet’ matrix material at the moisture content rM .  
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Chamis (1987) [47] and Chamis and Sinclair (1982) [48] postulated that the effect of 
moisture on matrix properties could be determined through use of a factor FM, expressed 
as: 
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Where, MF is the matrix property retention ratio, P is the matrix property after 
hydrothermal/hygrothermal exposure, OP is the reference matrix property prior to 
hydrothermal/hygrothermal exposure, T is the temperature at which P is to be predicted, 
goT & gwT are mentioned before.  
It is an acceptable theory, that at and below the glass transition temperature 1/40
th
 of 
the total volume of the material is free volume. Taking this into consideration, Tg will be 
lowered when a polymer is mixed with a miscible liquid having more free volume, such 
that the diluents polymer solution will contain more free volume at any given 
temperature.  
So the Tg for plasticized system [37] 
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Where gpT = Glass Transition temperature of the polymer 
               gdT = Glass Transition temperature of the diluent 
               p = Expansion co-efficient of the polymer. 
               d = Expansion co-efficient of the diluent. 
               pV = Volume fraction of the polymer 
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             p = Density of the polymer 
                 d = Density of diluent 
                M = percentage of weight gain  
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When the temperature of the polymer is raised, it passes from a glassy state, in 
which it behaves essentially as an elastic solid, and is relatively stiff and non-dissipative, 
to a rubbery state, in which it behaves more like a highly viscous fluid, with a very low 
stiffness and also a low loss factor. The transition from a glassy to rubbery state is 
accompanied by a rapid fall in modulus, and a peak in the damping, or loss factor, of the 
material [49]. Water in a polymer (especially in epoxy polymer) in its rubbery state above 
the glass transition has a much higher mobility than in a polymer in its glassy state. The 
presence of moisture has no significant effect on the polymer chain mobility at 
temperatures below the reduced glass transition temperature [38]. 
Considering the progression of cure and increase in Tg with time for the “ambient 
cured” specimens, it is important to keep in mind the competing effects of cure 
progression and environmental exposures.  
It may, therefore, be pertinent to consider the comparison of glass transition 
temperature of the material before and after the hydrothermal/hygrothermal ageing, and 
this is presented as below [50]:  
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change                 (2.10)         
2.2.4.2 Effect on Fibre reinforcement 
The moisture from hydrothermal environment may cause breaking of fibres in FRP 
composite during loading condition.  The fibres may sometimes be fragmented due to de-
adhesion/debonding from the polymer component. In is on this context, one can point out 
that, the micro-structural as well as the mechanical properties of fibres in FRP composite 
are severely influenced by hydrothermal ageing [20]. The thermal expansion coefficients 
of fibres are not same with that of polymers. Hence, the mismatch of thermal expansion 
coefficient between polymer and fibre can lead to creation of differential strain in the 
composite system. This can lead to generation of residual stress during hydrothermal 
conditioning, which sometimes is more hazardous for composite body [42]. Hence the 
extent of fibre content has a great impact on the engineering properties of the overall 
composite material. The glass fibres coated with coupling agents (sized) sometimes 
increase the laminar strength of the FRP composite during hydrothermal/hygrothermal 
conditioning for initial periods. During the hydrothermal exposure, the hilly structure of 
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coupling components expanded, which may create more contact area between polymer 
and fibre via coupling agents. This can lead to creation of better adhesion between fibre 
and polymer. Hence, hydrothermal exposure may lead to increase/decrease of mechanical 
properties of the composite depending upon the sizing extent of glass fibre.  
Espert et al [51] observed that, the weight gain at saturation of moisture content and 
the diffusion rates increased with fibre content. At the same fibre content, the non-
modified composites show higher values of diffusion coefficient and equilibrium water 
content than the respective modified composites. This can be due to better adhesion 
between matrix and fibres in the latter case, leading to fewer and smaller gaps in the 
interfacial region and also to fewer hydrophilic groups, as hydroxyl groups are blocked by 
the coupling agent. The storage modulus of the water saturated composites was observed 
to decrease with increasing temperature and to increase with the increase of fibre content.  
 
2.2.5 Time and Temperature of Hydrothermal conditioning  
As described elsewhere [41], time and temperature of immersion of hydrothermal 
environment put synergetic effects on the mechanical and physical properties of FRP 
composite. A change of temperature is certain to bring in changes in relative rates of 
moisture absorption and relaxation processes in the matrix body. Moisture absorption at 
elevated temperatures may also cause cracking, blistering, chemical degradation and 
debonding, hydrolysis, oxidation and leaching of small molecules in the matrix/fibre, the 
processes being all irreversible. 
            
 
 
Fig 2.5: Weight changes for different 
GFRP specimens in water-immersion 
condition [52] 
Fig 2.4: Water absorption of laminates 
immersed in distilled water at three different 
temperatures [1] 
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Fig 2.4 illustrated the data of water absorption of laminates immersed in distilled 
water at three different temperatures (20
0
C, 35
0
C and 90
0
C). Moisture absorption profiles 
at 90
0
C showed a continuing uptake trend which indicates the further chances of moisture 
absorption. Here, the amount of saturation of moisture content was expected to be higher. 
This saturation process is observed to be delayed, as evident from the Figure (Fig 2.4). 
But, the trends of moisture uptake at 20
0
C and 35
0
C are tending to attain plateau. At these 
temperatures of exposure the composite specimen showed a moisture absorption which is 
saturated early with less amount [1].   
Data pertaining to Fig 2.5 divulged the effect of time and temperature of 
immersion in distilled water on different FRP composites. Weight change ratio observed 
to be higher in case of higher temperature of immersion (i.e. 60
0
C) and higher time of 
immersion [52]. Hence, it is pertinent to mention here that, time and temperature 
accelerates the moisture absorption process in FRP composite. The higher temperature of 
immersion may responsible for the early occurrence of saturation in moisture ingression 
process, and with further conditioning, further moisture absorption may occur, depending 
upon the availability of moisture absorption sites. This depends upon the matrix cracks, 
flaws, interfacial de-adhesion/debonding and free volume availability in the polymer 
matrix.  
        
     
 
 
 
Two types of polymer samples (vacuum dried), were immersed in water and 
maintained the temperature of immersion as 30
0
C, 50
0
C, 70
0
C and 100
0
C. The apparent 
weight gain of two polymeric samples corresponding to water concentration was shown 
Fig 2.6 Apparent weight gain 
evolution curves of matrices A ( ) and 
B ( ) at 70
0
C [53] 
Fig 2.7: Influence of temperature on 
crack induction time in matrices A (  ) 
and B (  ) [53] 
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in Fig 2.6 [53].  The curves pertaining to mass gain verses square root of time showed 
saturation plateau, but after a time t1, the mass gain increased again until up to a peak 
value and then decreased rapidly. A time tind was detected by microscopic observation, at 
which cracks of size larger than 40 mm are said to be appeared.  
The influence of temperature on induction times (tind) is shown in Fig 2.7 [53]. 
Here, network B was appeared to be less stable than that of network A. The tind of matrix 
B was reported to be lower than that of matrix A at 100
0
C, when the two materials were 
in the same rubbery state. No cracking was observed on sample ‘A’ exposed 10000 h at 
70
0
C, whereas cracks appeared even at 50
0
C after about 3000 h in samples B. Gautier et 
al [53] have reported the appearance of micro-cracking in Matrix ‘B’ at 700C, which may 
be due to the existence of lower glass transition temperature (82
0
C in the dry state but 
reduced by water absorption). 
        
    Fig 2.8: Measured Weight Gain for Specimens         Fig 2.9: Variation of Tensile Strength  
     exposed to Alkali and deionised water [54]                   according to immersion time for  
                                                                                     specimens exposed to Alkali  Solution   
                                                                                                and deionised water [54]          
              
     
The illustration pertaining to Fig 2.8 shows the variation of weight gain verses the 
square root of immersion time curves for E-glass fibre/vinyl ester composite specimens 
exposed to the deionised water and alkali solution [54]. The absorption behaviour of the 
composite specimen roughly followed Fickian diffusion behaviour since the curves are 
approximately linear. The measured weight gain of the specimens conditioned at 80
0
C 
was approximately three times greater than those conditioned at 20
0
C. For both the 
temperatures, the measured weight gain for the specimens exposed to the alkali solution 
was slightly lower than those exposed to the deionised water. The variation of tensile 
strength versus the immersion time of hydrothermal treatment to alkali and deionised 
water is shown in Fig 2.9. The hydrothermal conditioning at 80
0
C severely caused the 
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degradation of GFRP composites compared to the immersion in alkali solution 
maintained at same temperature (Fig 2.9). 
As evident from Fig 2.10 [20], the variation of moisture gain of glass fibre/epoxy 
laminated composite with time exhibited a continuing uptake trend even after continued 
immersion (8 days) in distilled water at elevated temperature (65
0
C). It is evident that the 
initial absorption of moisture into the composite bodies in hydrothermal conditioning 
investigated was concentration dependent and obeys Fick’s 2nd law, the absorption of 
moisture being a direct function of the time of exposure. The experimental data as 
observed in Fig 2.10 exhibit that, at higher duration of hydrothermal conditioning period, 
the rate of moisture absorption was much enhanced, notwithstanding the fact that the 
initial concentration dependent rate of moisture ingression would have decreased 
subsequently with the concentration gradients decreasing with time progressively with the 
uptake of additional moisture. In this case, the moisture absorption is anomalous; it 
cannot be explained by Fick’s law. 
    
6 7 8 9 10 11 12 13 14
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
%
 o
f 
M
o
is
tu
re
 g
a
in
Squre Root of Time Period (hr)
1/2
 Hydrothermal Treatment
 
 
    
20
22
24
26
28
30
32
IL
S
S
 i
n
 M
P
a
Number of days for Hydrothermal exposure
Hydrothermal Treatment
as cured 2 days 4 days 6 days 8 days
 
 
    Fig 2.10: Percentage of moisture gain for                          Fig 2.11: Variation of ILSS of  
    hydrothermally treated glass/epoxy                        glass/epoxy composite sample with time  
             composite sample [20]                                              of hydrothermal conditioing[20] 
 
Fig 2.11 shows the variation of inter laminar shear strength (ILSS) of eighteen 
layered glass fibre/epoxy laminated composite with respect to periods of hydrothermal 
immersion [20]. The trend of ILSS, as be explained in the literature, was due to the fact 
that breakdown of chemical bonds between polymer and fibre or secondary forces of 
attraction at the interface. As per the literature, partial regeneration of bond strength 
across the fibre/matrix interface may sometimes be responsible for increase of ILSS up to 
some extent. 
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The water absorption profile of glass fibre reinforced polyster composite samples 
immersed in water at 65
0
C can be seen in Fig. 2.12 [55]. The weight change plot indicated 
a multi-stage diffusion profile bearing no similarity to the classical Fickian absorption 
behaviour. After extended immersion time no saturation plateau was found, instead a 
steady weight reduction was recorded. The weight gain was increased up to month 14 
accompanied by colour changing and reduced translucency of the specimens judged from 
visual inspection. The dry composite was turquoise while for 2–6 months of conditioning 
this turned to yellow. After immersion for 12 months the GFRP composite material 
became dark yellow followed by a decrease in weight due to material loss. Weight 
reduction occurred by dissolution of the polymer matrix beyond month 15. Heavy 
damages in the laminated plates have been created by water immersion. 
 
Fig 2.12: Weight change of a non-crimp glass fibre reinforced polyester laminate immersed in 
water bath at 65
0
C for 32 months [55] 
 
E-Glass fibre reinforced vinyl ester composites (both 0
0
 and 90
0
 oriented fibre 
direction) were immersed in different fluids (de-ionized water and salt solutions) for 
different interval of time [56].  
The aging conditions are as follows: 
(a) de-ionized water for up to 3900 h at room temperature (25
0
C) 
(b) 5% salt solution for up to 3980 h at room temperature; 
(c) 10% salt solution for up to 6570 h at room temperature; and 
(d) de-ionized water for 2400 h at 75
0
C. 
The percentage of mass change was increased (Fig 2.13) in case of specimens     
(0
0
 fibre orientations) immersed in de-ionized water maintained at temperature of 75
0
C 
[56]. This result was the indicative of the enhancement of moisture absorption by 
hydrothermal process at elevated temperature. Also, the flexural modulus for the same 
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specimen was decreased after immersion in water at 75
0
C (Fig 2.14). This decrement was 
low in case of composite, where fibre orientation is 90
0
. 
           
         Fig 2.13: Sorption behaviour of                               Fig 2.14: Flexural modulus for 00    
       Pultruded composites coupons under                     specimens of composite coupons aging  
                various conditions [56]                                before and after  environmental ageing [56] 
             
 
2.2.6 Effect of thermal shock 
Pre/post-thermal shock to hydrothermally treated sample has a peculiar effect on the 
physical and mechanical properties of the FRP composite. Thermal shock and thermal 
fatigue are common factors in many applications of GFRP composites. The differential 
thermal expansion is the main cause of thermal shock in composite materials. The 
variation of thermal expansion between fibre and polymeric matrix may be responsible 
for the creation of stresses at the interface. The concentration of thermal stresses around 
the defects may result in the catastrophic nature of failure of the composites. The instant 
variation of temperature is a great issue for GFRP composites in such environment, where 
temperature of hydrothermal environment affects the relative rates of moisture 
absorption/desorption process. In addition, a change in temperature is certain to bring in 
changes in relative rates of moisture absorption and relaxation processes in the matrix 
body [20]. Post-thermal shock to hydrothermally treated composite sample may enhance 
the increasing/decreasing rate of desorption of moisture (which absorbed during 
hydrothermal process), which may responsible for the fluctuation of inter laminar 
adhesion strength as well as glass transition temperature.  Sometimes hydrothermal 
environment with concurrent up-thermal shock (sudden change in sub-ambient to 
elevated temperature) may affect desorption behaviour of moisture in several ways. This 
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may cause diminution of ILSS as well as glass transition temperature in some cases. The 
same situation with down-thermal shock (sudden change in elevated temperature to sub-
ambient) may freeze the moisture content, which already absorbed during hydrothermal 
process. This frozen moisture may increase the mechanical locking between fibre and 
polymer matrix. This may cause enhancement of mechanical properties in some cases.  
   
Pre-thermally shocked (exposed to -20
0
C in a deep-freezer for 1 hour) glass 
fibre/polyster and glass fibre/epoxy composites were immersed in distilled water up to 64 
hours and maintained at 60
0
C in an electric oven. The comparison of water absorption and 
inter laminar shear strength with increasing exposure times of the composite samples are 
graphically presented in Fig 2.15 and Fig 2.16, as outlined by Ray et al [57].  
 
            
 
 
 
 
The plots (Fig 2.15 and Fig 2.16) indicated the gradual increase of water 
absorption with increasing conditioning time; water absorption increased gradually up to 
a certain level; at higher conditioning times the water pickup becomes almost constant. 
The ILSS increased initially, followed by a gradual decrease to lower values for glass-
polyester composites (Fig. 2.16). However, the epoxy matrix composites showed a 
continuous decrease in the ILSS values throughout the entire conditioning period (Fig. 
2.16). The water uptake was also enhanced by the presence of a thermal gradient. The 
initial thermal gradient acted as an active accelerator for increased water uptake in the 
initial period. At the higher exposure time, water absorption became almost constant. This 
may be due to the fact that maximum amount of water absorption by composites is a 
Fig 2.15:  A comparison of water absorption 
and ILSS with increasing exposure times for 
glass-polyester composites [57] 
 
Fig 2.16:  A comparison of water 
absorption and ILSS with increasing 
exposure times for glass-epoxy  
composites [57] 
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function of thermodynamic potentials of water and the composite. With progressive water 
absorption during the initial period the potentials of the surrounding water and the 
composite tend to equalize resulting to a saturation level at higher exposure times. The 
ILSS variation seemed to be less in case of glass fibre/epoxy composites as compared to 
glass fibre/polyster composite, as reported by Ray [57].  
Hydrothermally conditioned (immersed in distilled water + temperature of immersion 
65
0
C) glass fibre/epoxy laminated composites were exposed to thermal shock (up and 
down-thermal shock) [20]. The hydrothermally treated composite samples were exposed 
to up-thermal (−40°C for 5, 10, 15 and 20 min in the cryogenic chamber, then to +50°C 
for 30 min in the electric oven) shock and down-thermal (+50°C for 5, 10, 15 and 20 min 
in the electric oven, then to −40°C for 30 min in the cryogenic chamber) shock, in groups, 
separately. Inter laminar shear strength (ILSS) and glass transition temperature (Tg) data 
for thermally shocked composite samples were recorded and presented in a graphical 
manner (Fig 2.17, 2.18, 2.19).  
     
 
 
 
 
  
The longest period of hydrothermally treated sample showed a decreasing trend of 
ILSS with increasing time of up-thermal shock. Here, the residual stress generated due to 
differential thermal contraction (during −40°C) and expansion (during +50°C) was much 
more than that due to post-curing effect for shorter to longer duration of shock. 
Chakraverty et al. [20] reported about the relaxation of interface between glass fibre and 
epoxy resin, which could have been hampered due to non-accommodation of large 
amount of residual stress. All down-thermally shocked composite samples showed a 
Fig 2.17: Variation of inter-laminar shear 
strength of hydrothermally treated 
glass/epoxy composite sample with the time 
of exposure of up thermal shock [20] 
Fig 2.18: Variation of inter-laminar shear 
strength of hydrothermally treated 
glass/epoxy composite sample with the time 
of exposure of down thermal shock [20] 
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similar trend of fluctuations, which was reported to be more prominent in case of longest 
period of hydrothermal treatment. The sudden rise of ILSS for longest period of 
hydrothermally composite sample was also observed by the experimenter.  This may be 
attributed to the secondary polymerization of the remaining unopened epoxide molecules 
by additional ring opening polymerization mechanism during adsorption of moisture by 
the application of down-thermal shock [39].  
On the basis of Tg data [20], up-thermal shock was reported to be more detrimental 
than that of down-thermal shock. The SEM micrographs of thermally shocked glass 
fibre/epoxy specimens [20] after final duration of hydrothermal immersion clearly 
indicate that the mode of failure may be due to following modes, viz: fibre fragmentation, 
fibre breakage, and fibre/matrix de-adhesion, as evident from Fig 2.20. 
 
                
Fig 2.19: Variation of glass transition temperature of hydrothermally treated glass/epoxy 
composite sample with up and down-thermal shock treatment [20] 
 
   
Fig 2.20: SEM micrographs of glass fibre/epoxy composites for 8 days hydrothermal treatment (a) 
no shock (b) up-thermal shock (c) down-thermal shock [20] 
 
 
 
a b c 
31 
 
 
2.3 FRP composite and Hygrothermal Exposure 
The environment laden with moisture and coupled with temperature is called 
hygrothermal environment. Hygrothermal environment contains humid atmosphere, 
where moisture is localized within this. An ambience laden with moisture is most 
degrading for the GFRP, as unlike the hydrothermal exposure where the sample is 
actually immersed in water, here the interface between the composite and the ambience 
continuously changes giving a scope for higher rates of interactions causing greater 
uptake of moisture and accelerating the associated damage-intending processes. The 
effect becomes more severe with rise in temperature as well as humidity content [58]. 
This simulated condition corresponds to some applications of FRP composites in marine 
environment pertaining to severe humidity [37]. In the natural life of some infrastructure 
in Civil applications, the FRP decks are usually exposed to hostile and changing 
environments pertaining to large variation in parameters concomitant of temperature and 
humidity. The “hot/wet” exposure is considered to be the severest environmental 
condition to degrade the performance of polymeric materials, which will decrease the 
service life of FRP composite bridges [59] 
Hygrothermal conditions are known to cause degradation in a composite through 
some effects such as: plasticization, hydrolysis, saponification of the resin, fibre-matrix 
debonding as well as matrix micro-cracking in the composite. In case of glass fibre, 
hygrothermal conditioning may cause pitting, etching and cracking. Also the glass fibre in 
presence of moisture may show excessive pitting, etching and cracking [60]. The 
hygroscopic forces may enhance the annihilation of mechanical strength and thus are a 
matter of concern in modern design and life time estimation of composite components 
[3]. The epoxy networks undergo a thermally assisted oxidative degradation promoted by 
thermo-hygrometric ageing [8]. Also the combined effect of moisture and temperature 
significantly weakens the fibre and the matrix as well as the concerned interface. The 
moisture makes the matrix pliable which results in plasticization as a consequence of 
lowering of the glass transition temperature, thereby lowering the modulus of the 
composite material [20]. 
Absorbed moisture in polymeric composites under humid atmospheric condition 
(hygrothermal) causes its dilatational expansion. The stresses associated with moisture 
induced expansion lower the structural durability and damage tolerance ability of the 
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composite material. This may even cause breaking of the polymeric chain by swelling in 
addition to plasticization by lowering of glass transition temperature of the composite 
material [37, 42] 
2.3.1 Effect on Polymeric Matrix 
Polymeric matrix affected and degraded mechanically as well as physically with 
exposure to hygrothermal environment as being observed in hydrothermal exposure. But, 
the extent of degradation is said to be more in case of hygrothermal exposure [41]. 
Polymeric matrix comparatively absorb more moisture during hygrothermal exposure 
than that of hydrothermal immersion, as the environment associated with hygrothermal 
process is laden with moisture, and here the moisture lies in the form of molecular 
dimension where the group of water molecules linked by hydrogen bonds to the polymer. 
Hence, the permeation of moisture in to FRPs as well as to polymer is easier in 
hygrothermal process and the ingression is likely to be more. This ingression may vary 
with respect to the temperature of hygrothermal exposure i.e. more the temperature, more 
will be the absorption. Here the saturation of moisture content is said to be delayed and 
the amount of saturation is more. The deviation from Fickian to Non-Fickian diffusion 
may occur in hygrothermal process, when the relative humidity in the said environment 
and/or the temperature of this condition is more.  
The degradation processes in polymer matrix like reduction of modulus, 
depression of glass transition temperature, occurrence of some cracks and flaws due to 
swelling and plasticization are likely to be observed in case of hygrothermal exposure as 
evident in case of hydrothermal process, which is discussed elsewhere (section 2.2.4.1). 
Equations (2.6) and (2.7) can also be cited here to express the depression of glass 
transition temperature of polymeric matrix during hygrothermal exposure [47, 48]. 
Equation (2.8) can also be cited here to represent the glass transition temperature (Tg) for 
the plasticized system during hygrothermal conditionings [37].                                                      
 
2.3.2 Effect on Fibre reinforcement 
 
The effect of moisture from hygrothermal/hydrothermal environment on fibres of 
the composites should not be overlooked. The glass fibres in GFRP (Glass fibre 
reinforced polymer) composites undergo stress-corrosion cracking with the influence of 
water from moist environment. Moisture absorption in to the GFRP composite may cause 
a decrease in surface energy of the glass fibre, thereby reducing the cohesive strength of 
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glass fibre, which in turn leads to the phenomenon of stress-corrosion cracking [61].  
Equation (14) houses the autocatalytic mechanism that underlies the continued attack on 
silica network. The alkaline components in the silicate glass undergo the process of 
leaching with the interaction of moisture from hygrothermal/hydrothermal environment, 
which in turn elevate the concentration of hydroxide ions ( OH  ions) in the aqueous 
medium. The hydroxide ions break up the silica network without being consumed, thus, 
the rate of dissolution of the silicate glass is expected to rise with time (equation-2.11) 
[61].  
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Based on the above reaction processes, and assuming a stress-accelerated 
corrosion rate, Charles [61] developed a relationship (Equation 2.12 and 2.13) between 
the applied stress and the time to grow a flaw of critical size as  
kkV nlTx                                                                                       (2.12) 
knt
A
log
1
loglog 

                                                                         (2.13) 
Where 
Tx
V is corrosion rate, t  is the time to grow a flaw of critical size, k and lk are 
constants,  is the actual stress at the root of flaw, n is the integer, and A is the applied 
stress.  
Another theory was developed by Schmitz and Metcalfe [62] to show how pre-
existing structural flaws serve as sites for hydrolysis and ion exchange reactions, 
ultimately lead to fibre failure. Their results from static tensile fatigue tests at 100% R.H. 
on E-glass filaments were in disagreement with Charles’ Theory, since they showed that 
the relationship between applied stress and log (time to failure) was not linear and that the 
growth of existing flaws was not continuous. 
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In a later study on the mechanism of stress corrosion of E-glass filaments, an 
extensive investigation of the ion exchange involved during hygrothermal and/or 
hydrothermal treatment of E-glass in various liquids, going from acidic to alkaline 
solution, was performed [63]. The ion exchange was found to occur at the glass surface 
between sodium ions in the glass and hydrions from the surrounding ambience according 
to the equation (2.14). 
   NaSiOHHSiONa                                   (2.14) 
 The ion exchange was expected to occur in all E-type glasses; however, glasses 
containing 5% alkali (sodium and potassium oxides) could build enough stress to cause 
spontaneous cracking in the absence of externally applied stress. The reduction in 
molecular volume at the glass surface caused by this ion exchange generates high tensile 
stresses, resulting loss of strength and spontaneous cracking.  
Michalske and Freiman [64] had also proposed a molecular model for stress 
corrosion of glasses in which the silicate network is destroyed by water molecules. A 
comprehensive review of the adsorption of water onto various oxides (including silicate 
glasses), and the subsequent degradation of glass plates and filaments by water through 
moisture assisted crack propagation, was provided by Bascom [65]. Failure is anticipated 
to begin with the formation of superficial flaws or cracks on glass that will start 
propagating under applied stress. The stage of crack growth at which catastrophic failure 
occurs will depend on the specimen dimensions and the manner in which load is applied. 
The condition WEc   , corresponding to an elastic strain energy due to an applied 
stress ( cE ) exceeding the energy needed to create a new surface ( ) plus the energy 
expanded in plastic deformation ( W ), will cause a crack to propagate. The decrease in 
fibre reinforcement strength due to moisture was usually related to reduction in surface 
energy due to the adsorption of moisture by hygrothermal/hydrothermal conditioning onto 
the glass fibre surfaces as the crack propagated. This resulted in an alternation in the bond 
strength at the crack tip, thereby reducing   by decreasing the cohesive energy. An 
alternative mechanism involved the embrittlement of the material by water around the 
crack tip, thus reducing W . Two other ways in which moisture could assist failure 
included the surface corrosion of glass fibres by water and the condensation of water into 
the crack tip which, by exerting enough capillary pressure, could open flaws.  
Sometimes, the coupling agent of the glass fibre plays an important role to protect 
the degradation of GFRP composite by moisture. The hydroxyl groups of the silanes and 
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those of the glass fibre surface react (condensation reaction) with each other through 
siloxane bonding or via hydrogen bonding and form a water resistant polysiloxane layer, 
which bonded to glass fibre. This layer protects the glass fibre as well as the glass fibre-
polymer interface from degradation by moisture [39]. But, the level of protection will 
depend upon the extent of coupling and the source of moist environment. For prolonged 
hygrothermal conditioning, the role of coupling agent is not effective. Here, leaching of 
glass fibre may deteriorate the composite body to a considerable extent.  
The existence of fibre in FRP composite changes the sorption behaviour with 
respect to that for neat polymer resins. Composites usually absorb a higher amount of 
moisture due to their additional fibres and fibre/matrix interfaces creating paths for 
moisture absorption through debonding. Surprisingly, the diffusion coefficient of 
moisture for composites is significantly lower than that for neat resins, at least up to a 
certain temperature. This is probably related to rather high fibre content of these 
composites, since the polymer resin is mostly responsible for moisture absorption, and/or 
to the difference in sample geometry for the composites for the composites [46] 
 
2.3.3 Time, Temperature and Humidity level of Hygrothermal environment  
Hygrothermal exposure pertaining to suitable time and temperature puts a greater 
impact on the mechanical and physical properties of FRP composite. Time, temperature 
and percentage of relative humidity act as the synergetic parameters of hygrothermal 
environment which may have known to affect the interfacial adhesion between fibre and 
matrix. Loos and Springer [66] found that the maximum moisture content is a strong 
function of the relative humidity of the exposure environment while the diffusivity is a 
strong function of the temperature. In general, the maximum moisture content was 
determined by exposing the material to a given relative humidity for a sufficiently long 
time until the limiting saturation is attained and the specimen does not absorb moisture 
any further. The deviation for Fickian diffusion was observed especially at high 
temperature and humidity. Subsequent weight gain occurred owing to the development of 
micro-cracks in high temperature moist environment. This ingress of moisture in the 
composite material can cause the loss of resin particles resulting in further weight loss 
[67]. Obviously, this process is time consuming and often cumbersome. The variation of 
moisture content with respect to square root of time of exposure to hygrothermal exposure 
was reported to be steeper in case of higher percentage of relative humidity and also at 
higher temperature [52, 68]. The humid environment may lead to formation of debonding 
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of polymer from fibre bunch and even appearance of crazing and cusp in the polymeric 
matrix [3].  
 
                   
 
 
 
E-glass fibre reinforced epoxy laminated composite were exposed to hygrothermal 
environment (60
0
C + 95% of relative humidity) for 2, 4, 6 and 8 days [58]. The plot    
(Fig 2.21) pertaining to variation of percent of moisture gain with that of square root of 
time observed to be a continuing uptake trend even after a continued hygrothermal 
exposure. This trend is indicative of supplementary mechanism of moisture intake with 
increased time of exposure. This was because of longer exposures could cause greater 
degradation assisting moisture uptake, delaying the saturation level of moisture in the 
composite body. These hygrothermally exposed composite samples showed a general 
decreasing trend in ILSS with increased exposure time, as evident in Fig 2.22. The 
presence of hydroxyl groups at the fibre/matrix interface helped form hydrogen bonds 
resulting in the weakening of the cross linking in the epoxy chain. As per the 
experimenter, the decrease of cross linking density may further caused the generation of 
swelling stresses. The increase of free volume inside epoxy polymer could have been 
caused the decrease of glass transition temperature (Tg). These effects made the matrix 
pliable causing plasticization.  
Fig 2.21: Percentage of moisture gain for 
hygrothermally treated glass/epoxy composite 
sample [58] 
Fig 2.22: Variation of ILSS of glass/epoxy 
composite sample with time of hygrothermal 
conditioning [58] 
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Fig 2.23: Weight increase of carbon fibre/epoxy composites specimens exposed at 80
0
C and 
 90% R.H. [69] 
 
 
Table 2.1: ILSS of carbon fibre/epoxy composites exposed to hygrothermal exposure [69] 
 
 
 
Botelho et al. [69] investigated the Hygrothermal effects on the shear properties of 
carbon fibre/epoxy composites. They exposed the laminated carbon fibre reinforced 
epoxy composite (0/0
0
 and 0/90
0
 oriented) to hygrothermal environment pertaining to the 
temperature of 80
0
C and 90% relative humidity. The variations of percentage of increase 
in weight of composite specimens with respect to the square of days of exposure to 
hygrothermal conditioning showed an increasing trend and exhibit a further scope of 
uptake of moisture, as observed in Fig 2.23. The inter laminar shear strength values for 
hygrothermally treated carbon fibre/epoxy composites (Table 2.1) monitored a decrease 
of 21% and 18%  of ILSS for [0/0
0
]  and [0/90
0
] laminates, respectively.     
  Nishizaki et al. [52] exposed E-glass fibre/vinyl ester composites to hygrothermal 
conditioing of various humidity contents.  The exposing conditions, as adopted by the 
experimenters, are as follows: 
(i) Atmosphere at 60°C and 85% RH for 423 days  
(ii)  Atmosphere at 60°C and 65% RH for 148 days 
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           Fig 2.24: Weight changes for GFRP                  Fig 2.25: Changes in bending strength at 
         composites immersed in water at 60
0
C,                        exposure in various moisture  
                 and hygrothermal exposure                                            conditionings [52]           
            of various humidity content [52] 
 
 
The percentage of weight change ratio (Fig 2.24) found more for the GFRP 
composites exposed to higher relative humid atmosphere (85% R.H.). The weight change 
of the hygrothermally exposed specimens showed an initial increases followed by slow 
decrease. The resulting glass transition temperature showed small change before and after 
aging. The specimens exposed in the atmosphere at 60°C and 85% RH dropped to 80% of 
the initial bending strength, as been divulged in Fig 2.25. 
 
 
Fig 2.26: Effect of hygrothermal exposure duration on the water uptake of epoxy/glass 
composites as a function of exposure duration and temperature [70] 
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Fig 2.27: Effect of hygrothermal exposure duration on inter laminar shear strength of 
epoxy/glass composites as a function of exposure duration and temperature [70] 
 
Fig 2.28: SEM micrograph of hygrothermally treated glass-epoxy composite [70] 
 
The hand layered glass fibre reinforced epoxy composites were exposed to 
hygrothermal conditioning of 95% R.H. and different temperatures for 200 days [70]. The 
percentage of water uptake with time was illustrated in Fig 2.26. The water uptake was 
increased in the case of higher temperature exposure than that of ambient condition. 
Composite specimens exposed to hygrothermal environment at all temperatures showed 
saturations due to water uptake but the amount of saturation was reported to be more in 
case of higher temperatures. The change in ILSS of epoxy/glass composite with respect to 
different temperature exposure times was shown in Fig 2.27. The glass/epoxy composites 
showed 52% reduction in inter laminar shear strength value after exposure to 
hygrothermal treatment for 200 days. The free hydroxides in humid atmosphere could 
have degraded the silica structure at higher temperature and this may be the reason for the 
diminution of ILSS value. SEM microstructure of glass/epoxy fractured specimen 
revealed interfacial debonding, as evident from Fig. 2.28.    
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Carbon fibre/epoxy composites were exposed to hygrothermal conditioning pertaining 
to different percentage of relative humidity and different temperatures [71]. The 
percentage of normalised weight gain was reported in Fig 2.29. The weight gain was 
found to be more in case of higher relative humidity and higher temperatures. The 
saturation process was found to be delayed due to high humidity and increase of 
temperature. Also, the transverse strain as a function of temperature was more in case of 
higher humidity content and higher temperature of exposure, as evident from Fig 2.30. 
 
Fig 2.31: Flexural strengths of hygrothermally exposed glass fibre/epoxy composites [72]  
  
Bhuyan et al. [72] had exposed S2-glass fibre/epoxy composites to cyclic 
hygrothermal ageing. Here, the temperature and humidity ranges were in four different 
combinations viz. 74.5
0
C/10%, 23.5
0
C/100%, -58
0
C/100% and 39
0
C/100%. The 
responses towards moisture absorption behaviour and flexural strength were presented in 
Fig 2.29: Weight gains of carbon fibre/epoxy 
composites exposed to different hygrothermal 
exposures [71] 
 
Fig 2.30: Transverse strains of carbon 
fibre/epoxy composites due to moisture 
expansion [71] 
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Fig 2.31 and analysed. Flexural strength of the composites was decreased up to a certain 
cycle after that it again enhanced up to very little extent.  
Sharma et al. [39] have exposed E-glass fibre/epoxy laminated composite to 95% 
humid atmosphere in a climatic humidity chamber for 10, 20, 30 , 40 and 50 hours. The 
FTIR (Fourier Transformation Infrared) spectroscopy, as in Fig 2.32, divulged the OH-
bond peak and the absorbance of the peaks -OH stretching bands continuously increased 
with the ageing time of the hygrothermal treatment. This result can be established as an 
evidence of gradient of curing reaction. The invariant of concentration of epoxide due to 
absence of amine peak at the interphase may lead to hampering the distribution of the 
epoxides from the interphase to bulk region. This may give rise to fewer cross-linking 
network. Hence, during the initial stages of hygrothermal treatment the moisture adsorbed 
at the interphase will start the polymerization of remaining up-opened epoxide molecules 
by an additional ring opening polymerization mechanism. As per Sharma et al. [39], this 
result is in line with the increment of glass transition temperature with ageing time of 
hygrothermal exposure.   
 
Fig 2.32: The FTIR spectra at the interphase for untreated and hygrothermally treated micro-
composites at different time intervals [39] 
 
Glass fibre/epoxy layered based composites were exposed to hygrothermal exposure 
of 95% relative humidity at two different temperatures, viz. 50
0
C and 70
0
C for 260 hours. 
Evidence from the Fig 2.33 pertains to the fact that the moisture uptake rate was higher at 
higher conditioning temperature for the same humid condition. It was also clear that the 
linear nature of the curve starts deviating at higher rate after about 100 h of exposure for 
the 70
0
C temperature conditioning. This could be attributed to the ageing of easily 
degradable weak bond at the interface of the composite material. The inter laminar shear 
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strength values of glass/epoxy composite specimens (Fig 2.34) decreased with exposure 
time for both conditioning temperatures and the values were less for longer conditioning 
time for the same amount of relative humidity content with higher temperature. This 
could be due to more interfacial degradation at higher temperature. The SEM micrograph 
of glass fibre/epoxy composite exposed to hygrothermal exposure is illustrated in Fig 
2.35. The microstructural figure showed the interfacial breaking.  [3] 
 
Fig 2.33: Moisture absorption kinetics of glass/epoxy composites at 50
0
C temperature and 95% 
R.H. and at 70
0
C temperature and 95% R.H. [3] 
 
 
Fig 2.34: Variation in ILSS values of glass/epoxy composites with the absorbed moisture at two 
different hygrothermal conditionings.  [3] 
 
Fig 2.35: SEM micrograph of glass fibre/epoxy composite, showing the interfacial cracking [3] 
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 Glass fibre/polyster laminate specimens were exposed to hydrothermal immersion 
in water at the temperatures of 20
0
C and 40
0
C as well hygrothermal conditioning (20
0
C + 
50% RH and 40
0
C +96% R.H.) for about 250 days [59]. The plots pertaining to the 
variation of percentage of moisture gain with respect to square root of time (second) for 
square, rectangular and small square specimens were divulged (Fig 2.36). The rate of 
percentage of moisture gain increased up to some point and then attained a plateau for all 
exposing conditions. The samples immersed in water at 40
0
C had shown highest moisture 
ingression compared to other conditions and the saturation of moisture content was found 
to be highest in this case. Furthermore, for the moisture diffusion process of the square 
and rectangular specimens under 40
0
C –water ageing conditions (hygrothermal 
conditioning), the curves dropped from the moisture equilibrium content indicating the 
occurrence of mass loss in the composite body. This signifies that the material could have 
been experienced some form of physical and/or chemical degradation: hydrolysis of the 
matrix, chain breakage, creation of small molecules and extraction (leaching) out of these 
molecules from the composite.  
 
Fig 2.36: Moisture uptake curves of FRP laminate specimen  
(a) square, (b) rectangular (c) Small square [59] 
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2.3.4 Effect of thermal shock 
Effect of thermal shock (pre/post-thermal shock) on hygrothermally conditioned FRP 
composites should not be neglected on the basis of the response towards mechanical and 
physical properties. In particular, the hygrothermal ageing of the composites followed by 
thermal shocks which are expected to bring in thermo-mechanical degradation due to 
subsequent expansion and contraction of the matrix, demands greater concern. Thermal 
shock pertaining to different time of exposure may influence the overall properties of the 
FRP composites which already been exposed hygrothermally. A hygrothermally treated 
FRP composite when exposed to low temperature causes matrix hardening initially and 
thus strength is increased. However, exposure to longer exposure causes development of 
compressive residual stresses and thus the mechanical properties reduced [22]. There 
have been several extensive efforts made by many researchers in the last few decades, to 
establish a much needed correlation between the mechanical property of the FRPs and the 
hygrothermal environment coupled with thermal shock. Alternating exposures to 
cryogenic and elevated condition may impact the volumetric strain of the FRPs due to 
freezing and desorption of moisture which already been absorbed during hygrothermal 
conditioning. The sudden change in temperatures from sub-ambient to elevated region or 
vice-versa in FRPs may affect the generation of residual stress across the interface. The 
residual stress generated during thermal shock sometimes may/may not accommodate in 
the interface resulting enhancement or annihilation of mechanical strength [41]. The glass 
transition temperature of the hygrothermally treated composites may influence with 
respect to the treatment to thermal shock.     
Hygrothermally Conditioned (70
0
C + 95% relative humidity) Glass fibre/epoxy 
laminated composites were been exposed to sub-ambient temperature of -4
0
C [73]. The 
effect of plane and frozen moisture was investigated on the basis of response towards 
inter laminar shear strength (ILSS). The shear strength values of the composite specimens 
reported to be lowered in case of frozen moisture than that of plain moist irrespective of 
initial deviation. The volume expansion of moisture during freezing may cause 
diminution of ILSS values for the same amount of moisture. The initial exception may be 
due to the strain-free state of the composites, as the swelling stress that is developed 
during freezing can release the residual strains induced by differential thermal contraction 
during the cooling of the composite from its curing temperature.    
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E-glass fibre reinforced epoxy composites were exposed to an environment laden with 
moisture (hygrothermal: 60
0
C, 95% humidity) followed by up-thermal shock (-40
0
C for 5, 
10, 15 and 20 minutes to +50
0
C for 30 minutes) and down-thermal shock (+50
0
C for 5, 
10, 15 and 20 minutes to -40
0
C for 30 minutes) [58]. The ILSS value exhibited a general 
increasing trend subject to the up-thermal shock for short durations, as observed in Fig 
2.37. This reported increased trend in ILSS values may be attributed to the mitigation of 
the thermal stresses generated due to misfit of strains. A longer exposure to up-thermal 
shock after hygrothermal treatment causes a decrease in the ILSS value, as evident in Fig 
2.37.  
The experimenter [58] reported some opposing processes responsible for the 
consequent increase/decrease of the ILSS when a down-thermal shock (Fig 2.38). The 
opposing processes include enhancing of interfacial adhesion by mechanical locking due 
to frozen moisture; left-out porosity as a consequence of desorption of moisture during 
the heating cycle of the thermal shock; differential contraction during cryogenic 
conditioning resisting the debonding due to better adhesion at the interface [74, 75]; 
loosening of fibre-matrix contact due to relatively longer time of exposure resulting in 
higher moisture absorption that solidifies during cooling period; post curing shrinkage 
stresses caused due to hygroscopic swelling stress developed during hygrothermal 
exposure [39] and increase in cross linking density due to furthering of polymerization 
process causing increase in interfacial adhesion [76]. Higher proportions of internal voids 
entangling the polymer chain could have been responsible for the greatest depression in 
Tg value for the specimens with longest hygrothermal exposure on being subjected to up-
thermal shock.  
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Fig 2.37: Variation of ILSS of 
hygrothermally treated glass/epoxy 
composite sample with  
time of exposure of up-thermal shock. [58] 
Fig 2.38: Variation of ILSS of 
hygrothermally treated glass/epoxy 
composite sample with the time of exposure 
of down-thermal shock. [58] 
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2.4 FRP composite and Sea Water Ageing  
Glass Fibre reinforced polymeric (GFRP) composites have already gained the 
momentum for the use in marine applications because of their high strength to weight 
ratio and excellent corrosion resistance [77-80]. The prime applications of FRP 
composites include water storage vessels, pipelines for water desalination plants in 
deserts, manufacture of leisure boats, fishing trawlers, naval mine-haunting ships, 
repairing as well as strengthening of reinforced concrete structures, sonar dome and masts 
of submarines [6, 81, 82]. Composite pipes are increasingly on demand by offshore pipe 
and gas companies, where glass-fibre reinforced resin matrix composites are used to 
advantage over common steel pipes for the transport of liquids especially for water 
desalination plants [83]. These uses in marine applications demands the better retain 
ability of mechanical as well as physical properties of FRP composites and degradation 
resistance when immersed in sea water for a long time. Degradation of fibre/polymer 
interface by hydrolysis reaction of unsaturated groups within the polymer resin is a great 
issue for FRP composites during their use in sea water. Sea water degradation can cause 
swelling and plasticization of the polymer matrix and debonding at the fibre/matrix 
interface result in the reduction in mechanical properties [84]. Developments in the use of 
fibre composite materials for the construction of naval vessels have increased 
significantly over the last decade. This has been driven by the need for increased 
performance requirements in terms of stealth, payload, range, stability and at the same 
time, a reduction in costs in terms of maintenance, operation and construction [85]. 
Researchers conducted so many experiments in this area pertaining to the long term 
effects of sea water on composites due to lack of information in abundance. In fact, sea 
water ageing still remains an uncertain factor [86].  
Many researchers reported the properties of some FRPs are compromised in sea water 
environment. Due to the omnipresence of FRP composites in marine applications, 
researchers [86-88] attempted to gather the clear cut information regarding the effect of 
prolonged exposure of glass/epoxy, glass/polyurethane, glass/polyster, glass/vinyl ester 
composites to sea water ageing. Prolonged exposure of glass/polyster and glass/vinyl 
ester composites to sea water at 30
0
C was caused degradation in flexural strength and 
modulus, akin to the observations with carbon/polyster and carbon/vinyl ester composites.  
Absorption of distilled water and sea water in glass/epoxy composites have been studied 
in great details [41]. This absorption was reported to be the prime cause of changes in the 
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thermo-physical, mechanical and chemical characteristics of the epoxy matrix by 
plasticization and hydrolysis. It was also reported that the degree of damage and decrease 
in mechanical properties is dependent on the temperature of immersion whereas, swelling 
and plasticization may lead to relaxation of stresses generated during curing and 
compensate for any interfacial degradation due to moisture ingression at room 
temperature, high temperature immersion leads to an increase in moisture absorption and 
decrease in tensile strength and ductility [1].  
       As per Asbee et al. [5], a concentration driven osmotic process was responsible 
for moisture absorption in to the matrix of a composite though osmotic pressure is less of 
a problem in saline solutions than in ordinary water. Bradley and Grant  [6] reported the 
reduction of saturation content in moisture in composite due to presence of salts in sea 
water. As per the observation by Mourad et al.  [81], though large amounts of salts and 
trace elements were deposited on the surface of the composite specimens, X-ray spectra 
for specimen cross sections indicated little permeation of dissolved salt ions in sea water 
in to the matrix or fibre /matrix interface of the composite material after one year of 
hydrothermal exposure to sea water. However, fact remains that hydrothermal exposures 
promote thermo-oxidative degradation in the epoxy network and that weakening of the 
interfacial bond due to environmental exposure is the real cause of reduced shear strength 
of the composite treated hydrothermally [4]. 
 
2.4.1 Effect on Polymeric Matrix 
Polymers exhibit some detrimental effects during the exposure to sea water. The 
degrading phenomena like plasticization, swelling, hydrolysis, matrix cracking as well as 
crazing and blistering must have been expected to occur in case of polymers during saline 
water conditioning. Lowering of modulus as well as glass transition temperature by 
plasticization and chain scission by swelling are some evident factors in case of polymeric 
materials, as reported in hydrothermal and hygrothermal conditioning (section 2.2.4.1).  
Sea water ageing of E-glass fibre composites along with the neat epoxy resin at 
different temperatures (4
o
c, 20
o
C, 40
o
C and 60
o
C) was studied at length [89]. The 
reported inter laminar shear strength (ILSS) value for the E-glass fibre reinforced epoxy 
composite was recovered after 125 days of sea water immersion.    
Extensive efforts have been attempted [90] to investigate the moisture absorption 
behaviour of pure epoxy resin and carbon fibre reinforced epoxy composite subject to sea 
water immersion. Both of the material were immersed in sea water as well as 
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demineralised water up to 300 days and the moisture absorption trend, glass transition 
temperature and some mechanical properties (Young’s modulus, tensile strength and 
percentage of elongation) are reported.  
 
Fig 2.39: Diffusion curves of pure epoxy and model composite specimens immersed in sea 
water and demineralised water [90] 
The moisture absorption curves for both kinds of specimens in the sea water and 
demineralised water followed the Fickian behaviour since the initial regions in the 
moisture absorption curves observed to be linear. The pure epoxy resin exhibited lower 
rate of water absorption profile compared to model composite in both demineralised and 
sea water immersion (Fig 2.39). But the trend was less indicative in case of pure epoxy 
resin immersed in sea water. The equilibrium moisture content for the specimens 
immersed in demineralised water was higher than that for the specimens immersed in the 
seawater. One possible reason of this behaviour is that presence of salt in the seawater 
reduces the activity of the water molecules.  The salt particles present in the seawater are 
less readily absorbed than water. This would result in accumulation of salt particles on the 
surface of the specimen which could further inhibit the water absorption. This would 
create an osmotic pressure that acts against the water absorption [91]. 
Polyurethane (polyether based) polymeric material were subjected to sea water ageing 
(artificial and natural sea water) for a prolonged periods at different temperatures, as 
listed in Table 2.2 [92]. Differently dried specimens after immersion exhibit a noticeable 
trend in weight change percent and little specific trend in strength, as evident in Fig 2.40 
and Fig 2.41. The variation of weight change percent with days of immersion in sea water 
showed an increasing trend for the sample. This trend was less indicative for the dried 
sample (Fig 2.40). The plot (Fig 2.42) pertaining to logarithm of immersion time verses 
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reciprocal of absolute temperature showed a linear behaviour for the stress at 50% strain 
for different percentage of reductions and extrapolations to 15
0
C.    
 
Table 2.2: Ageing Test Conditions to Polyurethane [92] 
 
    
 
 
 
 
Fig  2.42: Arrhenius Plots for flexible polyurethanes after drying, stress at 50% strain for different 
percentage reductions and extrapolation to 15
0
C [92] 
 
Epoxy matrix is inert to the water environment. The polymeric resin pertaining to 
voids and cracks allow moisture to penetrate the composite, promoting the breakdown of 
the matrix structure. When in the dissolved state, NaCl exists as cations and anions. Ions 
would penetrate along with the water molecules into the composite, causing damage to 
Fig 2.40: Variation of strength after 
immersion verses immersion period in 
days [92] 
 
Fig 2.41: Wight Change before and after 
drying verses immersion time at 50
0
C [92] 
  
 
50 
 
the matrix, fibre and interface. This would deteriorate the material, resulting in decreased 
tensile strength [93]. 
2.4.2 Effect on Fibre reinforcement 
Sea water immersion may result in fibre related mechanism for moisture transport 
in to the composite body. These mechanisms include moisture transport along the 
interface and/or continuous diffusion through the matrix. It was suggested [94, 95] that 
surface of the glass fibre is actually etched by this transported moisture. Osmosis driven 
moisture at the fibre/matrix interface may cause  the leaching of the alkali metal oxides 
from the E-glass, thus, increasing the concentration of salt solutions and the concentration 
gradient so generated. This may cause further osmosis driven diffusion of moisture 
towards the interface. These transported aqueous solutions may even hydrolyze the 
silaxane groups of the glass fibre and cause an enhanced rate of flaw growth in polymeric 
matrix. 
It was believed that, under the condition of sea water exposure [93-95], the oxides 
of the alkaline metals in the fibres are chemically unstable, and thus there is a possibility 
of reaction with other ions result in the deterioration of the composite by reducing 
bending resistance. The leached elements from the fibres during sea water immersion may 
form a hydrated layer/water skin at the interface [96]. As a result, the microstructure of 
the composite was changed and the cracks may consequently be formed, leading to the 
sporadic braking of fibres in the mechanical test. This refers to the fact that the reduction 
of the bonding effect of the matrix on the fibres is an utmost. Also, the leaching of 
network modifying elements played a minor role in the mechanical property deterioration.  
 
2.4.3 Time and temperature of Sea Water immersion  
Time and temperature are two important parameters of sea water ageing. Prolonged 
exposure of FRP composite to sea water may cause the degradation in flexural strength 
and modulus. A reduction in fracture toughness by 30% had been reported for 
carbon/vinyl ester composites due to sustained exposure to sea water [97]. Glass 
transition temperatures (Tg) of FRPs also decreased with sea water ageing for a long 
period [83]. Immersion in sea water at high temperature caused the increase in moisture 
absorption and decrease in tensile strength and ductility [1] and interfacial adhesion [3] of 
glass/epoxy composite. The cross-linked poly-ether-urea urethane showed high resistance 
to degradation and retained its strength after one year of immersion in sea water while the 
slightly linked poly-ester urethane showed moderate resistance to degradation [92]. 
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Glass fibre/epoxy and glass fibre/polyurethane layered based composites were 
immersed in sea water for a prolonged duration of 1 year at 65
0
C [81]. Rate of sea water 
absorption for both composites was increased with immersion time and with high 
temperature, as evident in Fig 2.43. Amount of moisture absorption was reported to be 
more in case of glass/epoxy composite immersed in sea water at 65
0
C. The composite 
specimens were inspected before and after sea water conditioning for an apparent damage 
in the surface and for permeation of trace elements from sea water using optical 
microscopy and energy dispersive X-ray analysis. Presence of salt particles on the surface 
of the specimens was observed with varying degree of concentration with immersion time 
and with temperature. X-ray spectra of fractured surfaces of sea water conditioned 
composite specimens for one year indicated the relative decrease of intensity of Na and 
Mg (Fig 2.44), which may in turn refer to the prevention of permeation of atoms present 
in sea water. The relative decrease in Na and Mg peaks in the composites after one year 
of immersion at 65
0
C could be due to the diffusion of water molecules into the 
fibre/matrix interface. This in turn may have led to dissolving and leaching of these 
elements from the glass fibre. Tensile Strength of glass/epoxy composite at 65
0
C was 
increased after 3 months followed by a decrease after 6 months of exposure relative to the 
strength of the virgin composite (Fig 2.45). Fibre-matrix separation across the interface is 
reported, which may be expected due to plasticization of polymer and leaching of glass 
fibre. The modulus of glass/epoxy composite (Fig 2.46), reveals a decreasing trend after 3 
months and attains a lowest value just after 6 months, and then increased again after one 
year of exposure to sea water at 65
0
C. Scanning electron micrographs (Fig 2.47) of sea 
water conditioned glass/epoxy composite reveals fibre pull-out and matrix cracking.  
 
 
Fig 2.43: Variation of seawater absorption with duration and temperature [81] 
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Fig 2.44: X-Ray Spectra (EDS) of Glass fibre/epoxy composite (a) Sea water conditioned for 
initial period (b) sea water conditioned after one year at 65
0
C [81]   
 
  
 
 
 
 
          
            Fig 2.47: Representative SEM micrographs of fractured surfaces of glass/epoxy 
     composite, (a) Control sample; (b) One-year at room temperature; (c) One-year at 65°C [81] 
 
 Hand layered E-glass fibre/polyster composite specimens were immersed in sea 
water and in tap water for 2000 hours [84]. The flexural modulus of the GFRP composite 
reported to be more in case of sea water conditioned as observed in Fig 2.48 and Fig 2.49. 
Fig 2.45: Variation of Tensile strength of 
Glass/epoxy composite with respect to exposure 
duration of sea water immersion [81] 
Fig 2.46: Variation of modulus of 
Glass/epoxy composite with respect to 
exposure duration of sea water immersion 
[81] 
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The SEM fractographs of the treated samples reveal some mode of failures like fibre-pull 
out, fibre-matrix debonding, river line mark in polymer indicating the detachment of 
fibre, matrix cracking and of course ill-defined interface between fibre and matrix, as 
reflected in Fig 2.50.  
 
       
 
 
 
 
 
Fig 2.50: SEM Micrograph of GFRP composite immersed in sea water (a) 0 h, (b) 500 h, (c) 1000 
h and (d) 2000 h [84] 
 
Glass fibre/polyster, glass fibre/vinyl ester, carbon fibre/polyster and carbon 
fibre/vinyl ester composite panels were immersed in a large tank containing natural sea 
water with a salinity content of about 2.9% and temperature of 30  0.50C for more than 
two years [88]. The tank was renewed regularly. The variation of percentage of mass with 
respect to normalized immersion time (days
1/2
/mm) was reported to be more visible in 
case of glass/poyster and carbon/polyster composites than that of glass/vinyl ester and 
carbon fibre/vinyl ester composites (Fig 2.51 and Fig 2.52). The mass change curves for 
the two polyster based composites showed the same profile with increasing immersion 
time; the mass gain being higher for the glass composite. This difference may be due to a 
Fig 2.48: Flexural Modulus of GFRP 
composites with respect to exposure duration 
of sea water [84] 
Fig 2.49: Flexural Modulus of GFRP 
composites with respect to exposure duration 
of tap water [84] 
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greater amount of moisture absorption at the glass/polyster interphase region than that of 
carbon/polyster interphase. The percentage of mass change of glass/vinyl ester and carbon 
fibre/vinyl ester composites attained a plateau after 3 months of immersion, as evident in 
Fig 2.51. All these sea water immersed composite materials exhibited a reduction in 
flexural modulus of 10-20% of the modulus of virgin composites, as evident in Fig 2.53 
and Fig 2.54.    
 
            
Fig 2.51: Water uptake profile for polyster      Fig 2.52: Water uptake profiles for vinyl ester 
                 composites [88]                                                   composites [88] 
                
       Fig 2.53: Normalised flexural modulus          Fig 2.54: Normalised flexural modulus for 
for polyster composites [88]                            vinyl ester composites [88] 
 
Basalt fibre/epoxy and glass fibre/epoxy composites were immersed in sea water 
for 10, 20, 30, 60 and 90 days, respectively [93]. The percentage of mass gain ratio for the 
both the composites as a function of immersion time (days) was illustrated, as shown in 
Fig 2.55. The mass gain increases quickly until 30 days and after that it does not change 
considerably for both composites. The mass gain was reported to be somewhat higher for 
the basalt fibre reinforced composite than for the glass fibre reinforced one. The 
penetration of water molecules in to the material would have increased the sample mass. 
As per the work of Wei et al. [93], the composite specimens showed mass loss as a 
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consequence of sea water immersion. The tensile strength and bending strength of both 
the composites as a function of immersion time were decreased (Fig 2.56 and Fig 2.57). 
                    
 
 
 
 
 
 
 
Glass fibre/epoxy laminated composites were immersed in sea water for 1, 2, 3 
and 4 weeks at room temperature [83]. It was observed that moisture gain increase with 
time of exposure (Fig 2.58) though the rate of absorption of moisture is anomalous. 
However, the graph was never flattened. This exhibited a continuing trend of moisture 
absorption. This trend was indicative of supplementary mechanism of moisture intake 
establishing the fact that longer exposures help in greater degradation of the material 
which delays the saturation level assisting further moisture uptake. The variation of ILSS 
of the composites as a function of immersion time was presented in Fig 2.59. The ILSS 
values did not change much from those for the as cured samples for an immersion period 
of up to 3 weeks. However, an immersion beyond 3 weeks causeed a stiff decrease in the 
Fig 2.55: Weight gain rate as a function of 
immersion time [93] 
Fig 2.56: Tensile strength of sea water 
treated samples as a function of 
immersion time [93] 
Fig 2.57: Bending strengths of sea water treated samples at 
different saturation times [93] 
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ILSS of the sample. The sudden drop in the ILSS value was suggested to be a result of 
exchange of hydroxyl ions between the corresponding epoxy chains.  
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Glass/isopolyester (G/IPE), glass/vinyl ester (G/VE), carbon/ iso-polyester 
(C/IPE) and carbon/vinyl ester (C/VE) laminated composites were immersed in artificial 
sea water (prepared as per the ASTM-1141 using NaCl, CaCl2, MgCl2, NaHCO3 and 
Na2CO3) for 225 days [98]. All the composite specimens with 3 mm of thickness 
exhibited a continuing uptake trend in moisture absorption as a function of duration of 
immersion. This trend was less indicative in case of the composites having 10 mm of 
thickness (Fig 2.60). Diffusion coefficient was reported to be increased with the thickness 
for all composites (Fig 2.61). Variation of ILSS of all the composites with respect to 
different immersion period (Fig 2.62) exhibited a very little decreasing trend, which was 
more visible in case of the composites having 10 mm of thickness. The increasing amount 
of fibre with increased thickness resulted in enhancement of resistance to applied load. As 
per the literature [98], the fibre content resulted in lower properties degradation.  
                             
Fig 2.60: Moisture absorption in polymer composites as a function of duration of immersion in 
artificial sea water (a) 3 mm thickness (b) 10 mm of thickness [98] 
Fig 2.58: Percentage of moisture gain for 
Sea water immersed glass/epoxy composite 
sample [83] 
Fig 2.59: Variation of ILSS of sea water 
immersed glass/epoxy composite sample 
with time of immersion [83] 
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 Fig 2.61: Moisture diffusivity of            Fig 2.62: ILSS of composites (a) 3 mm (b) 10 mm 
     Polymer Composites [98]                                thickness [98] 
 
Water uptake profile of glass fibre reinforced polymer of different types as well as 
the neat cast polymer resin immersed in natural sea water for 300 days at 30
0
C was 
investigated by Gellert and Turley [86]. Moisture uptake trend was reported to be more 
visible in case of neat cast resin compared to composite samples and this observation was 
found to be validated for type of polymers considered for the investigation (Fig 2.63). The 
moisture absorption profile for the composites (glass/phenolic resin, glass/polyster and 
Glass/vinyl ester) exhibited a plateau after an initial increasing trend indicating Fickian 
type of diffusion. Scanning electron micrograph of glass/phenolic resin composite       
(Fig 2.64) revealed the presence of micro-porosity in the matrix resin, which may act as 
moisture sink through osmosis promoted soluble salts of sea water. The micro-porosity 
resulted from water in the liquid resin as supplied, and that generated during the 
condensation polymerization.  
 
 
Fig 2.63: Water uptake profile for (a) Glass/phenolic resin composite and neat cast phenolic resin 
(b) Glass/polyster composite and neat cast polyster (c) Glass/vinyl ester composite and neat cast 
vinyl ester [86] 
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Fig 2.64: Scanning electron micrograph of glass/phenolic resin composite exhibiting the existence 
of micro-porosity in resin matrix [86] 
 
2.4.4 Effect of Thermal Shock  
Thermal shock and thermal fatigue are common factors in many applications of 
GFRP composites. Specially, if there is a sharp change in temperature due to high speed 
collision, electrical faults or even due to by-chance lightening and there exist defects in 
the composite during service and /or manufacturing, then the thermal stresses due to 
temperature fluctuations created, get concentrated around these defects and failure can be 
catastrophic [83]. In addition, a change of temperature is certain to bring in changes in 
relative rates of moisture absorption and relaxation processes in the matrix body. 
Moisture absorption at elevated temperatures may also cause cracking, blistering, 
chemical degradation and debonding, hydrolysis, oxidation and leaching of small 
molecules in the matrix/fire, the processes being all irreversible [8, 9].  
Hand layered E-glass fibre/epoxy and E-glass fibre/polster composites (having 
different volume fractions of fibre and polymer) were immersed in sea water bath in an 
oven at 50
0
C for 30 minutes followed by immersion in sea water at 100
0
C for a further 30 
minutes and vice versa [8]. This particular thermal shock cycle was repeated so many 
times by exposing the samples in baths at two different temperatures in regular alternating 
successions. 3-point bending test for the thermally shocked composite specimens revealed 
a slight decreasing trend in inter laminar shear strength (ILSS) as a function of 
conditioning cycles for both crosshead velocities (2 mm/min and 50 mm/min) as evident 
in Fig 2.65 and 2.66. This trend was prominent in case of glass fibre/epoxy composites. 
Scanning electron micrographs (Fig 2.67) for both the thermally shocked composite 
specimens indicateed some facts behind the failures like matrix cracking and existence of 
interfacial crack.    
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Fig 2.65: Variation of ILSS with number of thermal fatigue cycles for glass/epoxy    composite at 
2 mm/min (●) and 50 mm/min (♦)  crosshead speeds with (a) 55 % w/w (b) 60% w/w (c) 65 % 
w/w glass fibres [8] 
 
Fig 2.66: Variation of ILSS with number of thermal fatigue cycles for glass/polyster    composite 
at 2 mm/min (●) and 50 mm/min (♦)  crosshead speeds with (a) 55 % w/w (b) 60% w/w             
(c) 65 % w/w glass fibres [8] 
                         
        Fig 2.67: Scanning electron micrographs of (a) glass/epoxy (b) glass/polyster composite [8] 
 
Glass fibre/epoxy laminated composites were immersed in sea water (for 4 weeks) 
followed by thermal shock conditioning [83]. The thermal shock condition included up-
thermal shock (exposing to -40
0
C for 5, 10, 15 and 20 minutes and then suddenly to 
+50
0
C for 30 minutes) and down-thermal shock (exposing to +50
0
C for 5, 10, 15 and 20 
minutes and then suddenly to -40
0
C for 30 minutes). As per the concerned work, the 
variation of ILSS with respect to up-thermal shock was not so prominent (2.68). The 
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samples immersed in sea water for 4 weeks show an initial increase in ILSS followed by a 
nose diving trend during later stages of down-thermal shock treatment (2.69). The 
increase/decrease in ILSS values were explained in details. As per the literature [83], 
strain misfit between fibre and matrix pay a crucial role for increase/decrease of adhesion 
strength of composite specimens. Least Tg was reported for the sea water immersed 
composite with exposure to up-thermal shock (2.70).  
 
    
    Fig 2.68: ILSS of sea water          Fig 2.69: Variation of Sea             Fig 2.70: Tg of sea water 
     immersed composites subject    immersed composites subject          immersed composite 
      to up-thermal shock [83]               to down-thermal shock [83]         subject to up and down 
                                                                                                                     thermal-shock [83] 
 
 
2.5 FRP Pipes in Desalination Plants 
Peoples established in gulf region are dependent upon desalinated water due to 
relative lack of large fresh water aquifers. Water losses due to degradation of traditional 
pipe systems not only present a financial burden but also restrict the people of much 
needed resource. Researchers have realized the necessity of non-corrosive pipe systems 
for the longevity of desalination pipes on the basis of the existence of high damage 
tolerance, good structural durability and cost-efficient performance [99]. Glass fibre 
reinforced polymer composites have already categorized in such materials for consultants, 
engineers and end users involved in desalination and water distribution industry. There 
are different methods of manufacturing of GFRP pipe ranging from the filament winding 
process, continuous advancing mandrel process as well the centrifugal cast process    
[100, 101]. Avachat and Zhou [102] also reported the effect of under-water impulsive 
loading on cylindrical polymer composite structures. Eslami et al. [103] studied the effect 
of humidity and temperature on mechanical properties of E-glass fibre/vinyl ester 
composite pipe.  Data pertaining to the durability and performance of GFRP pipe under 
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continuous flowing of sea water for prolonged periods in desalination plant are not 
abundant, in fact, need due concern.  
Implementation of fibre glass pipe system in desalination plant offers some 
advantages over conventional pipes. The advantages [100] are as follows: 
1. Completely Corrosion Proof: Fibre glass pipe systems are resistant to corrosion over 
their entire design life of 50 years against a variety of harsh environments including 
sea water, hot brine, acids and other chemicals. 
2. Installation Advantages: Easy installation of fibre glass pipe systems is possible due 
to their light weight (1/4 of the weight of metal pipe). 
3. Existence of excellent strength to weight ratio 
4. Maintenance Free: Re-coating of joints or any other form of corrosion protection is 
not needed over the system’s entire service life (50 years). 
5. Very low internal Friction: Initial low friction coefficient and the hydraulic 
characteristics of the fibre glass pipe do not change with time, which considerably 
affects the long-term running pumping costs. 
6. Existence of excellent fatigue resistance 
7. Fire resistance: Fibre glass pipe systems are capable of withstanding a hydraulic 
pressure of 6 bars after a harsh test of a propane burner; 650-850
0
C flame 
temperature for a period of 15 minutes.  
8. Spooling: Factory-made complex pipe junctions can be made, thus reducing 
extensively the number of field joints.  
E-Glass fibre/epoxy composite pipe (8 plies structure with the fibres wounded at 
an angle of  54.50) was fabricated by filament winding process [104]. The as-received 
GFRE pipes were filled with Arabian Gulf sea water and after sealing with CPVC end 
caps they were exposed to natural outdoor weathering conditions. Another batch of ring 
composite ring specimens were immersed in oxygenated sea water at room temperature 
for time periods of 300, 1000, 3000 and 10000 hours.  The natural outdoor weathering of 
salt water filled GFRE pipes resulted in reduction in average tensile stress, strain and 
stiffness for both 6 and 12 month exposures compared to as-received specimen as evident 
in Fig 2.71. The average apparent tensile strength, fracture strain and stiffness reduced by 
9%, 28% and 3.6% respectively, after 6 months of exposure. Further degradation of these 
properties was observed after 12 months of exposure reaching 12% for strength, 32.7% 
for fracture strain and 5% of stiffness when compared with average as-received GFRE 
tensile properties. For indoor exposure of GFRE ring specimens immersed in 100% 
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oxygenated sea water, the average tensile strength was seen to decrease by about 11% 
after 300 hours followed by no further degradation in tensile strength (Fig 2.72). The 
researchers explained the initial decrease of tensile strength on the basis of ingress of 
oxygenated sea water into the interfacial regions casing degradation of fibre/matrix 
interfacial binding. The water saturation in the GFRE pipe may have been reached after 
300 hours of exposure to immersion conditions and thus beyond this period the 
immersion conditions did not contribute to any more water uptake and any further effect 
on the tensile strength.  
 
 
Fig 2.71: Effects of combined natural outdoor weathering and salt water environments on (a) 
the average tensile strength, (b) average tensile strain and (c) stiffness of GFRE pipes [104] 
 
 
Fig 2.72: Effects of oxygenated sea water at room temperature on (a) the average tensile 
strength, (b) average tensile strain and (c) stiffness of GFRE pipes [104] 
 
2.6 FRP Composite and Thermal Shock 
FRP composites, during the use in several engineering applications, meet various 
hindrances out of which thermal shock is the most concerned factor [105]. A huge change 
in temperature due to high speed collision, electrical faults, changing of atmospheric 
temperature from one location to other location in marine environment may create defects 
in the composite material during service and/or manufacturing [106]. These defects may 
sometimes be catastrophic, which in turn lead to occurrence of permanent damages in the 
constituents of the composite material. This concerned factor may be further complicated 
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by high temperature fluctuations (from -55
0
C to 130
0
C) typical of operational aerospace 
missions including both subsonic and supersonic flights [107].  
Differential thermal expansion is a prime cause of thermal shock in composite 
materials [75]. The constituents of composites (polymer and fibre) are having different 
thermal expansion coefficients resulting generation of unequal amount of thermal stresses 
owing to yielding or debonding across interface [76]. The concentration of thermal 
stresses around the defects may result in the catastrophic nature of failure of the 
composite. The instant variation of temperature is a great issue for GFRP composites in 
such environment, where temperature of the ambience affects the relative rate of moisture 
absorption, which is sometimes helpful and sometimes harmful on the basis of 
mechanical integrity of the material [22]. The thermal mismatch between the constituents 
of GFRP composite may result in the development of residual stresses in the 
microstructure when it is exposed to a low temperature. If the temperature is significantly 
low, as experienced by an aircraft during its service, micro cracks may be developed 
which contribute to the degradation process by reducing stiffness and increasing 
permeability and water ingress through the fibre-matrix interface. Pre-hydrothermally 
treated GFRP Composites, when exposed to cryogenic temperatures, may exhibit 
improvement in interfacial strength due to matrix hardening. Low temperature exposure 
may create stress concentrations at a defect tip. Post-thermal shock treatment to 
hydro/hygrothermally treated GFRP composite may lead to non-equilibrium moisture 
desorption kinetics resulting nucleation of residual stress by creation of moisture outlet 
links. Again, thermal shock to GFRP composites exposed to elevated temperature 
generates thermal stresses due to unequal thermal expansion coefficients of fibre and 
polymer. The thermal stress can cause reduction in the interfacial bond strength due to 
development of misfit stresses along the interface. This indicates the deterioration of the 
mechanical properties of the polymeric composite material [20].  
Greater amount of damages are expected to arise in polymer composites subject to 
combined cryogenic and elevated temperature thermal cycle exposure may exhibit 
mechanical damages. Thermal shock may often result in intense thermal stresses in the 
structure during service periods around cracks and other kinds of common manufacturing 
defects of FRP composite. This may even modify the local stress threshold required for 
interfacial de-bonding, which affect the premature nucleation of delamination failure [40]. 
At low temperatures the polymer matrices become brittle and do not allow relaxation of 
residual stress or stress concentration to take place for which the chain movement is 
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obstructed. This is one reason for depression of glass transition temperature (Tg) during 
cryogenic conditioning of the composite sample [108]. The sudden increase of 
temperature to elevated region from sub-ambient temperature  may responsible for the 
misfit of strain between fibre and matrix resulting degradation in material property 
whereas, sudden decrease of temperature to sub-zero level from elevated may enhance the 
adhesion strength due to mechanical locking between fibre/matrix interface [42, 75].  
 
2.6.1 Effect on Polymer matrix 
        Damages in FRP composites due to thermal shock are mostly visible in case of 
polymers. Hancox [109] reported the thermal effects on various types of polymers. 
Exposure to cold temperatures generally results in increased embrittlement of the resin, 
causing an increase in effective stiffness, but a decrease in damage tolerance [60]. When 
temperature is decreased down to cryogenic temperature, the internal stress due to thermal 
contraction is increased in a matrix resin. Exposure to cryogenic temperature can cause 
microcracks and delamination in the composites due to thermal residual stresses brought 
on by the thermal expansion mismatch between the constituents of the composite [110]. 
Domination of fracture toughness of polymeric resin over thermal stresses due to stress 
intensity factor may even cause the fracture in the matrix and this is potentially increased 
at cryogenic temperatures. The fracture toughness of epoxies at cryogenic temperatures is 
expected to be controlled by stress relaxation at the crack tip, the strength of molecular 
chains or both. The cross linking density in polymer may fluctuate due to thermal shock 
environment, which may in turn increase/decrease the stiffness of overall composite body. 
The thermal pre-stress on the matrix is crucial, especially at low temperature or 
environment pertaining to sudden decrease of temperature to sub-ambient level from 
elevated region, where polymers become brittle. This reduces the effective strain for 
failure and is a source of microcracks in the polymer matrix. Deviation of stress free 
temperature in composite material in large scale may accelerate the generation of thermal 
stresses in the matrix, which may in turn lead to creation of residual stress in the 
composites. The excess amount of residual stress is relieved by some physical processes 
such as potholing, delamination and/or microcracking [111-113].  
Exposure to elevated temperature may soften the polymeric matrix to be pliable. 
Sometimes the expansion of polymers could not be compensated with that of fibres in the 
composites. The initial conditioning of FRP composites to high temperature may 
responsible for desorption of moisture content from the polymer, which may in turn 
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results in the improvement in mechanical properties, but on subsequent conditioning the 
property degradation may occur due to unequal thermal expansion [76].  
Polymers exhibit increased viscoelastic behaviour at elevated temperatures. With 
increasing temperature, the local energy in the macromolecules is increased, and thus the 
mobility of macromolecules is changed at the local level. When the fibres are combined 
with the viscoelastic polymer matrix, they produce a lamina that exhibits viscoelastic 
behaviours such as creep and stress relaxation [114]. The degradation of stiffness, 
strength and life of the composite is the result of the complex internal and local processes 
that control degradation and the strong interactions between fibres and viscoelastic 
polymer matrix.  
The degradation of instantaneous stiffness and remaining strength with 
temperature for GFRP composites is involved in stages, mainly due to the transitions in 
macromolecular mobility in the polymer resin at different temperatures [115]. The typical 
variation in instantaneous stiffness and remaining strength of GFRP composites can be 
described in the form of equation (2.15) as follows [116]: 
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Where )(tF is the instantaneous stiffness or remaining strength, T is the instantaneous 
temperature, iF is the stiffness or strength reduction for the i
th
 transition process, iT is the 
temperature at each transition and im is the coefficient associated with the i
th
 transition. 
The number of stages in equation (18) may vary depending on the polymer matrix and the 
thermal load. At temperatures in the range Tg, viscoelastic creep effects have the most 
influence on the stiffness and strength of the material.  
 
2.6.2 Effect on Fibre reinforcement  
The effect of thermal shock on fibres of composite materials should not be overlooked. 
Fibres of glass type are strong resistant to thermal shock environment as having higher 
value of thermal expansion coefficients than that of polymers. But on exposure to thermal 
shock, the expansion of polymer accentuates the detachment from fibres resulting ill-
defined interface.  Fibres are considered to be the reinforcing agent of the composite until 
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up to the existence of well-defined interface with polymer. Hence, indirectly or directly to 
say, adhesion of glass surface with that of polymer is a most important factor which may 
control the degradation during thermal shock exposure [117]. Glass fibres exhibit 
excellent resistance against temperatures well above (> 650
0
C), while the decomposition 
temperature of the polymer resin typically ranges from 250-350
0
C. However, even though 
the fibre reinforcements are not directly affected by temperature, the fibre direction 
stiffness, strength and fatigue life of a composite can strongly depend on temperature, 
especially in the temperature range above glass transition temperature (Tg) of the polymer 
matrix.  
2.6.3 Time and Temperature of Thermal Shock 
Thermal shocks of different time and temperatures have synergetic effect on the 
physical and mechanical properties of FRP composites.   
FRP composites need better understanding regarding thermo-mechanical 
response, which can annihilate the modulus of composite body near Tg
 
[118]. Literatures 
pertaining to various models explaining the temperature dependent mechanical property 
of FRP composites are presented below.  
 Springer [119] proposed one empirical model pertaining to elastic modulus as a 
function of exposing temperature, as presented below: 
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where, OE = modulus at initial temperature 
               E = modulus at time ‘t’ 
       )(tm = mass loss at time ‘t’ 
       endm = maximum mass loss at endt  
              g = experimental material dependent constant 
      Dutta and Hui [120] suggested an empirical model of temperature dependence 
elastic modulus as: 
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where,  ),( oo TtE = initial elastic modulus at time ‘ ot ’ and temperature ‘ oT ’ 
                 and o = densities of polymer at temperature ‘T ’ in time ‘ t ’ and ‘ oT ’ in time  
                                 ‘ ot ’, respectively.  
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       Gibson et al. [121] reported the degradation of elastic modulus as per the 
following model. 
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where, uE and rE are moduli of composite before and after glass transition.  
               T = temperature at which modulus falls most rapidly  
               k = Constant related to sharpness of glass transition 
 
    Another empirical model of temperature dependent elastic modulus was proposed by 
Gu and Asaro [122] as presented below: 
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where, oE = modulus at room temperature 
            refT = temperature at which modulus tends to zero 
             rT = room temperature 
            g = power law index that varies from 0 to 1.  
 
      
 
 
 
 
Glass fibre/epoxy laminated composites were exposed to thermal shock of two 
different types [76] (down-thermal shock; exposed to +50
0
C for 5, 10, 15, 20 minutes and 
then immediately to -20
0
C for 5, 10, 15, 20 minutes and in reverse manner i.e. up-thermal 
shock; exposed to -20
0
C for 5, 10, 15, 20 minutes and then immediately to +50
0
C for 5, 
10, 15, 20 minutes). Inter laminar shear strength (ILSS) values of the treated composite 
Fig 2.73: Effect of Down-thermal shock 
on ILSS values of glass/epoxy 
composites at 2 mm/min ( ) and            
10 mm/min ( ) [76] 
Fig 2.74: Effect of Up-thermal shock on 
ILSS values of glass/epoxy composites at 2 
mm/min ( ) and 10 mm/min ( ) [76] 
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samples were reported at two different crosshead velocities (2 mm/min and 10 mm/min). 
The improvement in ILSS values during down-thermal shock (Fig 2.73) was reported. As 
per the author, post-curing strengthening was occurred during down-thermal conditioning. 
The sudden cooling to -20
0
C from +50
0
C would have increased the resistance to 
debonding by mechanical keying factor and this was the reported scientific reason for the 
enhancement of inter laminar strength of composites exposed to down-thermal shock. The 
diminution of ILSS values at 5 minutes of down-thermal shock were explained by the 
reason of misfit of strains, which might have occurred due to thermal expansion mismatch 
between fibre and epoxy polymer resulted the generation of residual stress across the 
interface. The up-thermal shock exposure to the concerned composite also divulged the 
same response towards ILSS values (Fig 2.74) as in down-thermal shock for both 
crosshead velocities.  
                   
Fig 2.75: Variation of modulus values         Fig 2.76: Variation of modulus values 
of kevler fibre/epoxy composites                  of kevler fibre/epoxy composites 
exposed to thermal shock of thermal           exposed to thermal shock of cryogenic 
conditioning (-80
0
C to +80
0
C) [123]             conditioning (+80
0
C to -80
0
C) [123] 
     
 Ray et al. [123] have exposed Kevler fibre/polyester composites to thermal shock 
environment with a 160
0
C temperature change by two separate routes; i.e. +80
0
C (for 5, 
10, 20 minutes) to -80
0
C (for 5 minutes) and vice-versa. The modulus of the composite 
was improved with the exposure to thermal shock of -80
0
C to +80
0
C condition (Fig 2.75), 
despite of a decrease for 5 minutes of same exposure. Thermal conditioning for longer 
times would have prompted in generating better fiber/matrix adhesion either by 
mechanical interlocking and/or by surface chemistry phenomena, and this was the 
reported reason for increase in modulus with the exposure to thermal shock of sub-
ambient to ambient temperature exposure. The decrease in modulus value at 5 minutes of 
the same thermal shock (-80
0
C to +80
0
C) was reported due to the availability of lesser 
post-curing time. The modulus values of composites exposed to cryogenic conditioning 
(+80
0
C to -80
0
C) were decreased with respect to the increased time duration of the shock 
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condition (Fig 2.76). The cryogenic conditioning might not be helpful to promote the 
bonding at the fiber/matrix interface by surface chemistry phenomena.  
 
Fig 2.77: Thermal shock profile [124] 
 
 The creep behaviour of glass fibre reinforced epoxy composites was investigated 
with respect to the exposures to thermal shock cycles [124]. The profile of thermal shock 
cycle, as presented in Fig 2.77, consisted of exposure of the composite specimens first to 
+50
0
C for 5 minutes, then suddenly to -27
0
C for same time and back to room temperature 
to ensure one cycle of shock having a duration of 10 minutes. The thermal cycles were 
repeated for 6, 12, 24, 36, 48 cycles, as reported in the above cited article. The increase of 
stiffness of composite specimens with number of thermal cycles can be attributed to the 
creation of rigidness in the polymer structure. The author reported the occurrence of this 
phenomenon during freezing of the polymer. On slow heating; the rotation of side groups 
was possible enough for the reduction of modulus slightly. On further heating, complete 
blocks or segments of polymer chain became free to move as local entity, perhaps in a 
crankshaft motion. This might have resulted in decrease of modulus by several orders. 
Moreover, as the temperature reached Tg, some smaller segmental part of polymer 
become free to move. This may result the catastrophic drop by slight downward drifting 
of modulus. Near Tg, there was some possibility for a little rearrangement of chains due to 
small-scale uncoiling.  
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Woven E-type glass fibre reinforced epoxy composites were exposed to down-
thermal shock (+40
0
C for 5 minutes then suddenly to -40
0
C for 5, 10, 15, 20 and 30 
minutes) and up-thermal shock in a reverse manner (-40
0
C for 5 minutes then suddenly to 
+40
0
C for 5, 10, 15, 20 and 30 minutes) [75]. The ILSS values (Fig 2.78) were improved 
slightly for lesser conditioning time of down-thermal shock. Larger conditioning periods 
of down-thermal shock resulted in deterioration of ILSS values for both the crosshead 
velocities under consideration. As per the experimenter, this may be due to 
counterbalance between the debonding effect and compressive stresses generated due to 
cryogenic conditioning (-40
0
C).  Mechanical locking between fibre and matrix at -40
0
C 
might be dominating over the weakening effect of +40
0
C for short duration of time. But 
this attribution (slight improvement in ILSS values) was no longer valid for longer 
duration of down-thermal shock (+40
0
C to -40
0
C). Large misfit of strain due to longer 
duration of cryogenic temperature (-40
0
C) would have caused matrix and interfacial 
crackings resulting in ill-defind interface. The up-thermally shocked (-40
0
C to +40
0
C) 
composite specimens revealed no such noticeable change in ILSS values (Fig 2.79). The 
weakening effect of up-thermal shock was nullified by the post-curing strengthening 
effect at +40
0
C. The misfit strain might not be dominating over the further polymerization 
phenomena enhancing further curing of polymer chain structure for the conditioning at 
+40
0
C.  
Glass fibre/epoxy composites were exposed to thermal (+50
0
C) and cryogenic     
(-50
0
C) conditioning. The composite material, with above treatment, exhibited more ILSS 
values (Fig 2.80) after thermal/cryogenic conditioning compared that after ambient 
Fig 2.78: Effect of cryogenic conditioning 
on ILSS of glass fibre/epoxy composite    
at 2 mm/min (  ) and 10 mm/min (  )   
[75] 
Fig 2.79: Effect of thermal conditioning 
on ILSS of glass fibre/epoxy composite    
at 2 mm/min (  ) and 10 mm/min (  )   
[75] 
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curing. The ILSS values augmented after certain loading rate and then remain stagnant, 
i.e. the effect of loading rate is minimal. The cryogenically treated samples exhibited 
more ILSS values then that of thermally treated composite samples. The enhancement of 
interfacial adhesion may be due to mechanical interlocking of chains at sub-ambient 
temperature, as reported by Sethi and Ray [125].  
     
Fig 2.80: Variation of ILSS of glass/epoxy laminated composite with respect to loading rate of 
UTM (a) exposed to +50
0
C (b) exposed to -50
0
C [125] 
 
2.7 FRP Composites and Gamma ( ) Irradiation 
Fibre reinforced polymer composites have affirmed the potentiality for the use as the 
components of superconducting magnets of fusion reactors [10-15]. In the construction of 
such magnets, FRP composites are used as mechanical supports and as electrical and 
thermal insulators. With the huge improvements in high field accelerators and magnetic 
confinement fusion reactors such as the International Thermonuclear Experimental 
Reactor (ITER), the radiation-resistant GFRPs have paid much attention. Depending on 
their specific applications in a radiation environment, GFPRs are required to withstand 
the synergetic effects of high mechanical loads, cryogenic temperatures and intense 
nuclear radiation. [126]. In case of an actual fusion superconducting magnets, the total 
absorbed dose in organic insulators is deposited by neutrons and concomitant gamma-
rays, and the ratio of neutron to gamma-ray energy deposition depends on the magnet 
design and shielding conditions [127, 128]. For such specific uses, the most concerned 
factor lies in the property degradation when exposed to irradiation of neutron and/or 
gamma-ray. The polymer composite must possess strong resistance to nuclear radiation 
for its use as a component material for construction of fusion magnets.  
The development of more radiation resistant polymer composites is, in fact, strongly 
required in the construction of fusion magnets, because such materials can make a 
a 
b 
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strikingly beneficial impact on the cost and performance of fusion reactors [17]. When 
nuclear environments are considered, the strength of PMC materials could be adversely 
affected due to exposure to different types of radiation and their effect must be assessed in 
order to evaluate the suitability of the composite material chosen for the application. 
The superconducting magnets during their use, exposed to high irradiation 
environment coupled with some temperature and combined shear/compressive forces 
[128]. No repairs or replacements of magnets are to be expected over the 25 years life 
time. The performance of superconducting magnets (superconductor, copper and 
insulating material as GFRP composite) will be most impaired by the sensitivity of the 
insulation to irradiation. Hence degradation of the mechanical strength of FRP composites 
as insulators in radiation environment is of particular concern [129]. Hence, whenever 
FRP composites are used as insulating materials for superconducting magnet windings in 
fusion reactors, a meaningful assessment of the mechanical properties of these materials 
demands perfect simulating conditions, which should approach the real operating 
conditions of the magnet. As a consequence, vivid characterizations should be adapted for 
the GFRP composite materials with the exposure to nuclear radiations for the better 
claiming on the basis of better use for the concerned application [130]. 
The mechanical strength of polymer matrix composites (PMCs) can be severely 
affected when exposed to various types and/or levels radiation in combination with 
hazardous environment like in space systems structures, particle accelerators components 
or nuclear reactor systems. In order to design safely the required structural parts of 
insulating components when manufactured with such materials, when intended for long 
time operation under radiation environment, it is pertinent to collect information 
regarding the behaviour data relative to the possible degradation of PMC materials for 
structural us as a consequence of the envisaged service environment [131]. 
The radiation environment at the magnet location involves significant amount of 
gamma-radiation along with fast neutrons, which may affect the mechanical properties of 
the FRPs (especially of the polymeric resins and of the polymer/fibre interfaces) in a very 
sensitive way [132]. The radiation damage by gamma rays is produced via Compton or 
Photoelectric effect and via Pair Production [130, 132].  
Nuclear radiation (gamma and neutron) was known to affect the polymer composite 
material both by breaking of polymeric chains and by causing changes in molecular 
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constitution due to action of free radicals. The combination of these two effects 
characterizes the mechanical behaviour of the irradiated material. But it is not only the 
characteristics of the radiation sources (type, rate, total dose) that must be considered 
because the presence of other environmental factors, especially temperature, can be added 
to the radiation effect, yielding an unforeseen synergetic influence on the results [131]. 
Experimenters [16] report that irradiation causes fibre-matrix debonding and that the 
radiation prone damage is more prominent at the fibre-matrix interface rather than that in 
matrix body. 
2.7.1 Effect on Polymer matrix  
Gamma irradiated FRP composites exhibited colour changing property, as 
reported by some experimenters [133]. Epoxy resin underwent colour change (Fig 2.81) 
from light yellow to brown and become translucent subjected to gamma irradiation of 
some doses (1 MGy). The further exposure to higher ranges of gamma doses, the resin 
shows a significant color change with a visible dark red color and become opaque [126]. 
This discoloration revealed in the irradiated polymer possibly due to release of gases from 
the epoxy polymer upon radiation decomposition.  
 
Fig 2.81: Photographs of cured epoxy resin showing colour changing  
after gamma irradiation [126] 
 
Sufficient energy of radiation may induce the formation of radicals and ions in the 
epoxy polymer. Radicals may be trapped in the amorphous structure or may undergo free-
radical reactions. Formation of the hydrogen gas during irradiation to polymer/polymeric 
composites is a concerned factor for the predominant damage process. When two radical 
sites meet or when a migrating radical meets a double bond, the cross-linking formation 
occurs. If the local structure is such that radical migration is prevented, the energy 
becomes localized and bond scission (breaking of polymeric chains) results [16], which 
may in turn responsible for the fibre/polymer debonding.  
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High dose Gamma radiation may sometimes increase the glass transition temperature 
(Tg), which is the indicative of crosslink formation in the polymer structure. Cross-linking 
in the polymer exposing to nuclear radiation causes greater constraints and decreases the 
mobility of amorphous chain segments, which, in turn, increase the thermal barrier to 
segmental motion and at that moment a higher temperature is required for the glass 
transition process. Megusar [16] reported the FTIR spectroscopy revealing the radiation 
induced cross-linking and hydrogen evolution, which is in line with the above scientific 
analysis.  
Polymers of FRP composites are more affected by radiation induced damage process 
than that of fibres [128]. Egusa et al. [134] reported about the radiation prone damages in 
FRP composite materials irrespective of various types of fibres introduced. Egusa and 
Seguchi [17] reported that the degradation of the composite flexural strength is virtually 
determined by a change in ultimate strain of polymeric matrix due to irradiation.  
Glass/polyamide composite was found to be more radiation resistant than that of 
glass/epoxy for gamma-rays. This was tentatively interpreted by taking into account of 
spatial distribution of main chain scissions in the network structure of highly cross-linked 
polymeric resin [134]. However, epoxy resin was reported to be more sensitive to 
irradiation damage than glass fibres, in agreement with the observed cracking of epoxy 
and interface debonding at relatively low absorbed doses [128].  
Delamination is a common type of failure mode that can be seen in mechanical 
fracture of epoxy laminates subjected to irradiation of higher intensities. But, expectedly, 
this is not occurs in moderately irradiated material under mechanical loading [135]. 
2.7.2 Effect on Fibre reinforcement 
Effect of nuclear radiation (neutron and gamma) on fibres constituting FRP 
composites should not be overlooked. Serious problems may arise if the fibre 
reinforcement of the FRPs consists of E-glass instead of boron-free S-, T- or R-glasses. If 
the glass fibres contain boron in the form of B2O3, n reactions occur due to the large 
thermal neutron absorption cross-section of 
10
B, lead to produce alpha particle (
2
He4), an 
electron 
(-1
e0) and a 
7
Li-recoil atom [132].  For E-glass fibre composites, the 
10
B( n ) 
7
Li reaction near the fibre/matrix interface was taken into account to explain the 
apparently higher radiation sensitivity towards low energy neutrons than gamma 
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radiations [136]. The radiation damage of the composite is confined to the glass fibre 
itself and to a narrow adjacent layer of the resins, which leads to serious radiation prone 
damage across the fibre/matrix interface and, consequently, to a degradation of the 
interlaminar shear behaviour of the sole composite.  
Irradiation stability of S2-glass fibre had been studied in great details [16]. When 
exposed to high dose of nuclear radiation including neutron and gamma, the crystalline 
and amorphous SiO2 transformed to glass-like materials with virtually identical physical 
properties. Hence the irradiation, thus, produces a new phase, namely “Metamict Silica”. 
During the transformation to Metamict state, the density of v- SiO2 increases about 3% 
while density of crystalline SiO2 decreases approximately to 14%. Small changes in the 
Si-O-Si, Si-Si and Si-O bond angles were observed, when exposed to nuclear radiation of 
some higher doses. The binary SiO2 retains its amorphous structure during the irradiation 
induced Metamict transformation. Bragg’s peaks were characteristically absent in 
diffraction patterns of the Metamict silica. Instead of changes in the short and 
intermediate range order characteristic of the Metamict transformation in SiO2 ordering of 
the amorphous magnesium alumina-silicate glass structure intervenes during 4.2 K fast 
neutron and gamma irradiation and it was followed by partial crystallization at higher 
irradiation doses.  
Glass fibres become prone to embrittlement as well at sufficiently higher absorbed 
doses of irradiation, as reported by Megusar [128].  
2.7.3 Dose and Dose rate of Gamma Irradiation  
As pointed out elsewhere (section 2.7), the damage production in FRPs by nuclear 
radiations is not restricted to fast neutrons in technical fusion superconductors, and hence 
the low energy part of the neutron spectrum accompanying the gamma radiations with 
different ranges of doses have to be addressed as well. Hence, one review pertaining to 
physical and mechanical response of FRP composites with the exposure to gamma 
radiation with variations of doses as well as dose rates should be mentioned here, for the 
future furthering of experiments.   
FRP composites exhibited colour changes with the exposure to gamma irradiation 
of some doses, and this is prominent with increase in the doses. Hoffman and Skidmore 
[133] observed the colour changes (from clear black to dark yellow) in carbon fibre/epoxy 
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composites with the exposure to 2 MGy of gamma dose, as being shown in Fig 2.82. 
Noticeable volume of resin was found to be missed (Fig 2.82) from the interior of the 
tensile bar specimens with the exposure to 2 MGy of gamma irradiation, which implies 
the substantial diminish of the composite integrity. Significant epoxy debris remained on 
carbon fibres and numerous cracks run through the epoxy core, as shown in Fig. 2.83. As 
further evidence of increased degradation after gamma irradiation of dose 2 MGy, several 
bulges covered in cracks are visible on the irradiated sample. The hardness values for the 
epoxy were changed considerably compared to the hardness values of the composite, 
adding further evidence that the epoxy was affected by the radiation, while the carbon 
fibres were unaffected as the total composite hardness is heavily influenced by the 
properties of carbon fibre. 
 
 
Fig 2.82: Fractured tensile test bars exposed to 2.0 MGy (a), fractured surface with 
protruding carbon fibres and a visible deep yellow color (b), void formation is visible at 
the adjacent to the fracture surface (c), significant delamination throughout the core of 
the bar (d). Width of bar = 2.54 cm [133] 
 
Fig 2.83: SEM micrograph of gamma irradiated (2 MGy dose) Carbon fibre/epoxy composite 
after tensile test [133] 
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Egusa et al. [134] exposed different FRP composites (glass fibre/epoxy; glass 
fibre/polyamide; carbon fibre/epoxy; carbon fibre/polyamide) to different nuclear 
radiation environment (neutron and gamma) for different doses. The mechanical testing 
of the irradiated composite specimens was performed at both room temperature and at 
77
0
K. Carbon fibre based composite exhibited greater young’s modulus value compared 
to glass fibre based subjected to irradiation of all type of sources. Again, the polyamide 
based composites showed lesser young’s modulus values compared to epoxy based for all 
irradiation conditions. For all composite systems, gamma radiations put the signature for 
the deterioration in mechanical properties. The radiation-insensitiveness of the Young’s 
modulus was explained by the concept that the modulus of a composite is virtually 
determined by the reinforcing fillers, and that the radiation resistance of the inorganic 
fillers is much higher than that of organic resins [127, 136]. 
Pintado et al [131] exposed Carbon/epoxy composite to gamma radiation with 
dose rate 12 .1068.4  hMGy . The doses were maintained as 2.5, 5.0 and 10 MGy for 
different group of specimens.  Short beam shear test was carried out at different 
temperatures ranging from -60
0
C to 130
0
C. The failure stresses of SBS specimens with 
different doses were presented (Fig 2.84), which clearly indicate the decrease of stress to 
failure (fracture) with increasing gamma radiation doses. A decrease in Tg observed to be 
associated with increasing gamma-irradiation total dose, which can be related to matrix 
damage (Fig 2.85). The scanning electron micrographs for 10 MGy irradiated SBS failed 
specimen was reported, as shown in Fig 2.86. An increase of matrix texture, as if some 
‘disgregation’ happened with radiation, can be identified. Spheroid imprints seem to lose 
definition, mainly in border lines, and the increase in ‘texture’ or ‘granulation’ of the 
matrix that surrounds the spheroids is clearly evident. 
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  Fig 2.84: Variation of SBS strength with         Fig 2.85: Glass Transition temperature (Tg) 
  different doses of gamma irradiation             with different doses of gamma irradiation [131] 
  for different testing temperatures [131] 
 
 
Fig 2.86: SEM fractograph of carbon/epoxy composite after gamma irradiation  
of 10 MGy dose [131] 
 
Egusa and Seguchi [17] irradiated E-Glass fabric-reinforced epoxy and polyamide 
composites to Co
60
 gamma-rays at room temperature with the absorbed dose rate in 
matrix of about 0.021 and 11.5 MGy.h
-1
, respectively. The ultimate flexural strengths of 
the specimens tested at 77
0 
K and at room temperature were plotted as a function of 
absorbed dose for glass/epoxy and glass/polyamide composites, as shown in Fig 2.87. 
This conveyed the initial strength at 77
0
K is about twice that at room temperature. With 
increasing dose of gamma radiation, the flexural strengths of the composites decreased 
monotonically for both test temperatures. Comparison of the glass/epoxy and 
glass/polyamide composites at each test temperature revealed the decrease in strength, 
which is prominent for the glass/epoxy composite. It is concluded, therefore, that the dose 
dependence of the composite flexural strength depends not only on the test temperature 
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but also on the matrix resin of the composite. The variation of shear strengths of 
glass/epoxy and glass/polyamide composites with different dose at each test temperature 
was also reported (Fig 2.88). The identical dose dependence of shear strength may reflect 
a similarity of the fibre/matrix interface between the two composites. These facts 
suggested that the degradation of the composite shear strength is dominated by the 
radiation damage at the fibre/matrix interface rather than that in the matrix. 
 
      
Fig 2.87: Variation of Flexural strength of          Fig 2.88: Variation of ultimate shear strength 
GFRP composites with absorbed dose [17]        of GFRP composites with absorbed dose [17] 
 
Megusar et al. [128] reported about the irradiation-induced weakening of 
glass/epoxy interfaces. This effect reduced the total load transfer from epoxy matrix to 
reinforcing glass fibres. This indicated the progressive lowering of the glass/epoxy 
interfacial strength with increasing irradiation doses. With the increase of dose rate 3-100 
MGy of gamma radiation, corresponding decrease of flexural strength of glass/epoxy 
composites was observed. The low magnification stereomicroscopy revealed debonding 
of epoxy from glass fibres.  Debonding phenomenon became discernible after 50 % 
decrease in flexural strength.  
Megusar et al. [16] have exposed the S2 glass fibre/epoxy composites to different 
energies of neutron fluence and different doses of gamma radiation and analysed the 
chemistry associated on the basis of irradiation stability of each of the constituents of the 
composite, as being mentioned elsewhere (section 2.7.1 and section 2.7.2).  
Shubhra et al. [137] irradiated the silk reinforced polypropylene (PP)/natural 
rubber (NR) composites for different doses (250-500 Krad) using Co
60
 gamma source   
(25 kci). Effect of gamma radiation on the tensile strength and bending strength of the 
above said composite were reported (Fig 2.89 and Fig 2.90). The tensile strength and 
80 
 
bending strength values were highest at 250 Krad gamma dose. At low radiation dose, 
cross linking occurred. But at higher dose, bond scission was preferred. Gamma 
irradiation may also remove moisture from the composite, which in turn contributed to 
better fiber matrix adhesion. This may be the reason for the increased mechanical 
properties of silk/PP and silk/PP plus NR composites.  
                
Fig 2.89: Variation of Tensile strength           Fig 2.90: Variation of bending strength 
of silk fibre/PP composite with gamma           of silk fibre/PP composite with gamma 
doses [137]                                                     doses [137] 
 
Wu et al. [138] investigated the influence of gamma-irradiation on glass 
fibre/epoxy composite at ambient temperature with a dose rate of 100 Gy/min. The total 
gamma dose for the irradiation process was fixed i.e. 1 MGy. Both the short beam shear 
(SBS) tests and the compression tests were carried out at 77 K and 300 K using universal 
testing machine. As reported in Fig 2.91 and Fig 2.92, ILSS and compressive strength 
data at 300 K and 77 K decreased after 1 MGy gamma irradiation for different 
fibre/matrix weight ratios of composite. Fig 2.93 indicated the compressive load 
displacement curves at 300 K and 77 K before and after 1 MGy gamma irradiation. ILSS 
and compressive strength of the composite were found to be lowered at 300 K of test 
temperatures for all weight ratios and this result is very prominent for the 60/40 volume 
fraction of fibre/polymer. The changes of sample dimension and weight loss of GFRP 
specimens after irradiation were listed in Table 2.3. The weight loss of the specimens was 
caused due to hydrogen evolution during irradiation, as reported by the experimenters. 
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 Fig 2.91: ILSS of GFRP with different epoxy               Fig 2.92: Compressive strength of GFRP 
   resin at 300 K and 77 K before and after                      with different epoxy resins at 300 K and  
      1 MGy of gamma irradiation [138]                               77 K before and after 1 MGy gamma 
                                                                                                          irradiation [138]  
 
 
Fig 2.93: Compressive load-displacement curves at 300 K and 77 K, non-irradiated and irradiated 
1 MGy [138] 
 
 
Table 2.3: Change of swelling and weight loss of GFRP Composites by 1 MGy gamma-
ray irradiation [138] 
Epoxy Resin Type Change of Swelling (%) Weight Loss (%) 
1 0 0 
2 0.1 0.03 
3 0.05 0.024 
4 0.15 0.031 
 
Wu et al. [126] exposed epoxy based GFRP composites to gamma radiation of 
some doses (1, 5 and 10 MGy) with the dose rate of 300 Gy/min. Inter laminar shear 
strength (ILSS) of the composite samples were decreased with the increased irradiation 
doses (Fig 2.94). For the low irradiation doses, the ILSS of the composites was less 
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affected due to the counterbalance of two competing processes: molecular chain scission 
and cross linking. The strength degradation of the composite samples divulged the 
relevance in the plot pertaining to the variation of ILSS with deflection (Fig 2.95).  The 
UV-Vis spectra (Fig 2.96) of irradiated epoxy resin showed a red shift indicating 
deterioration of the transparency of the polymer with increased irradiation doses. FT-IR 
spectra of epoxy resin before and after irradiation (Fig 2.97) showed the peaks of some 
new functional groups. The formation of two new functional groups indicated the radio-
oxidation reaction of epoxy resin, as reported by the experimenter. The DSC curve (Fig 
2.98) of the epoxy resin exhibited the shift in glass transition temperature (Tg) to lower 
amounts. The workers also explained this result by considering the chain scission 
phenomenon during irradiation process. The fractographs (Fig 2.99) of the specimen 
irradiated to 10 MGy of gamma dose was quite different from un-irradiated one. Few 
resins were left on the surface of the fibre and the fracture surfaces of the epoxy matrix 
show smooth and few river lines which are the typical characteristics of brittle fracture. In 
addition, many pieces of large debris can also be observed. These results suggested that 
the composite failure was caused by both debonding and the brittle fracture of the 
polymer matrix, leading to the remarkable decrease of ILSS. 
 
          
  Fig 2.94: Variation of ILSS of composites             Fig 2.95: SBS curves for irradiated and  
  with the dose of gamma radiation [126]                       un-irradiated composites [126] 
83 
 
                     
    Fig 2.96: UV-Vis spectra of epoxy resin              Fig 2.97: FT-IR spectra of epoxy resin 
       before and after irradiation [126]                         before and after irradiation [126] 
 
     
     Fig 2.98: DSC curves of epoxy resin               Fig 2.99: SEM fractographs of composite 
       before and after irradiation [126]                      (a) un-irradiated (b) irradiated (10 MGy) [126]   
  
Some recent investigations pertaining to radiation effect of FRP based composites 
are available in literatures. Experimenters are still searching for various types of polymers 
and fibres for claiming a FRP composite, which can best suit the properties as required 
for different applications in nuclear radiation environment.  
 Subhra et al. [139] investigated about the effect of gamma irradiation on E-glass 
fibre polypropylene composites and compared the results with natural silk fibre based 
epoxy composites as used by the experimenters before [137].      
 Tiwari et al. [140] adopted gamma irradiation (100-300 KGy at 4.54 KGy/hr of 
dose rate) to improve the adhesion strength and tribological performance of carbon fibre-
polyether amide composites.  
 The thermal properties of epoxy composites are investigated by Wu et al. [141]. 
FT-IR spectroscopy for the investigated material revealed no such formation of new 
functional group after 1 MGy of gamma irradiation.  
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The experimenters used Broido’s integral method* [142] to determine the 
activation energy for thermal decomposition process. They concluded that the resin 
showed high thermal stability and similar rates of thermal degradation before and after 
gamma irradiation of dose 1 MGy.  
 Wu et al. [143] again investigated various epoxy based composite material for the 
better performance in super conducting magnets of nuclear reactor. They claimed TGPAP 
(Try glycidyl-p-aminophenol) based composites have initial lower viscosities, longer 
working life and higher radiation resistance compared to DGEBF (Diglycidyl ether of 
Bisphenol-F) based composite material with same fillers. They also reported that, there is 
no such significant effect of the irradiation dose on the coefficient of thermal expansion 
of composites. Li et al. [144] reported the effects of gamma irradiation on cyanate 
ester/epoxy insulating materials for superconducting magnets. The experimenters reported 
the ILSS values of the GFRP composites, which slightly increased after 10 MGy of 
gamma irradiation. Xing et al. [145] reported the enhancement of interfacial strength for 
the aramid fiber/epoxy composites exposed to gamma irradiation of higher energy.  
 
*The details of Briodo’s integral method for determining activation energy of polymer 
subject to Thermo gravimetric Test is mentioned in Appendix-1. 
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2.7 A Bird’s Eye view on Literature Review  
TABLE: 2.4 
Sl. 
No. 
           Authors                             Summery 
1. Ellyin and Rohrbacher (2000), J Reinf 
Plastics & Compos, 19 (17) : 1405-1427 
High temperature immersion in moisture results in an increase 
in moisture absorption, decrease in tensile strength and 
ductility. 
2. Wood and Bradley (1997), Compos Sci & 
Technol, 57 (8):1033-1043 
The absorption of moisture in GFRP composites, whether due 
to immersion in plane or sea water or simply due to exposure 
to a humid atmosphere, is considered to be the prime cause of 
deterioration 
3. Ray (2006), J Colloid & Interface Sci, 
298(1): 111-117 
Impact of environmental factors such as temperature and 
moisture on FRP composites are of significant concerns.  
4. Gaur & Miller (1990), Polym Compos, 
11(4): 217-222 
 
During immersion of FRP composites in water, a thermo-
oxidative degradation was promoted affecting the epoxy 
network and resulting in the weakening of the glass-epoxy 
interfacial bond. 
5. Assbee (1993), Technomic Publishing Co., 
Lancaster 
The driving force for moisture absorption is an osmotic 
pressure which is concentration driven. 
6.  Bradley & Grant (1995),  J Mat Sci, 
30(21) 1995: 5537–5542  
 
On exposure to sea water the saturation in moisture content in 
polymer composite, as compared to distilled water immersion, 
was reduced due to the presence of salts in the sea water. 
7. Assbee and Wyatt (1969), proc Royal soc 
A, 312:523 
Moisture can be transported along the interface and/or 
continuous diffusion through the matrix by a process of 
osmosis, actually causes an etching of the surface of the glass 
fibre. 
8. Ray (2006), Polym & Polym Compos, 15 
(1), 1-6 
The transported aqueous solutions may enhance the rate of 
flaw-growth by hydrolyzing the silaxane groups of the glass 
fibre.  
9. Zhou & Lucas (1995),  Compos Sci & 
Technol, 53(1): 57-64 
 
Moisture absorption at an elevated temperature may also cause 
severe, irreversible damages like cracking, blistering, chemical 
degradation, debonding, hydrolysis, oxidation and leaching of 
small molecules in the matrix and/or fibre. 
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10. 
11. 
 
12. 
 
13. 
Brown (1981), J Nucl Mat, 97(1-2): 1-14; 
Wiffen (1985), J Nucl Mat, 134(1): 32-38; 
Scott et al (1985), J Nucl Mat,       133-
134(1): 156-163; 
Kulcinski et al (1986), J Nucl Mat, 141-
143(1): 3-9  
The E-glass fibre reinforced epoxy matrix composite is an 
important component material of superconducting magnets. In 
such magnets the polymer composites are used as mechanical 
supporters, electrical and thermal insulators. For such specific 
uses, the most concerned factor lies in the property-degradation 
when exposed to irradiation of neutrons and/or gamma-rays. 
14. 
 
15 
Coltman  and Klabunde (1983),  J Nucl 
Mat,  113(2-3): 268-272; 
Weber et al (1983), J Nucl Mat, 115(1): 
11-15; 
They have studied the irradiation effects on the mechanical and 
electrical properties of epoxy based composites. 
16. 
 
17. 
Megusar (2006), J Nucl Mat, 230(3): 111-
117. 
Egusa, S; Seguchi (1991), J Nucl Mat, 
179-181(Part 2): 1111-1114 
Irradiation causes fibre matrix debonding and that the radiation 
damage is more prominent at the fibre-matrix interface rather 
than that in the matrix body. The degradation in mechanical 
properties in GFRP composites is a consequence of a decreased 
capacity of load transfer from the matrix to the fibre due to the 
damage caused at the interface.  
18. Das et. al. (2004), ISTAM 2004, NIT, 
Rourkela, India, Dec 27-30 
The failure behavior of FRP composites is depends upon 
various polymer matrix and crosshead velocity of UTM.  
19. Mathews, F.L.; Rawlings, R.D.; 
“Composite Materials: Engineering and 
Science” 1st Edition 1994, Chapman and 
Hall publication 
In PMCs the polymers are used as matrix materials in the 
greatest diversity of composite applications, as well as the 
largest quantities in light of their property and ease of 
fabrication. 
20. 
 
21. 
Chakraverty et. al. (2012), Emer Mat Res, 
1(5): 263-270 
Hollaway (2010), Construction & Building 
Mat, 24(12): 2419-2445 
There are many potential advantages offered by composite 
materials in various applications in various industries due to 
some distinct advantages over many conventional materials 
like aluminium and steel. The major benefits are their low 
density, excellent durability, higher specific strength and 
stiffness, superior corrosion resistance, improved fatigue 
properties, life cycle cost reduction, design flexibility etc. 
22. Mishra et al (2010), Aircraft Engg & 
Aerospace Technol, 82(4) : 258-266 
Inter laminar shear strength of FRP composites is an inverse 
function of demoisturisation values of the composites. An 
exposure to elevated temperature may create fine 
whiskers/inter connected pores in the FRP composites.  
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23. Hull, D; Clyne, T.W. ; “Introduction to 
Composite Materials” Cambridge Solid 
State Science Series, 2nd Edition, 1996, 
ISBN 0-521-38855-4 
Polymer matrix composites (PMCs) are to date the most 
successful composite material system with a wide range of 
applications spanning from electronic products to advanced 
aerospace structure. 
24. Mohanty et al (2007), 6th  International 
Symposium on Advanced Composite 
Technologies, Corfu, Greece. 
Glass fibre reinforced polymer composite is a most successful 
engineering material, which finds its use in various sectors. 
The inclusion of glass fibre which is relatively less costly 
compared to carbon fibre also reduces the overall cost of the 
FRP composite. 
25. 
 
26. 
Xu et al (2012), Composites: Part B, 
43(5): 2480-2486 
Jang(1994), ASM International, Materials 
Park, OH, USA. 
E-glass fibres owing to its low cost and acceptable levels of 
achievable ultimate strain are employed in preference to carbon 
fibres as the most potential reinforcing agents. 
27. d’Almeida et al (2008), Compos Struct, 
83(2): 221-225 
Glass fibre reinforced polymer matrix composite is a preferable 
material for fabricating pipes taking advantages over common 
steel pipes.  
28. Kajorncheappunngam et al (2002),  
J Compos Construct, 6(1) : 61-69 
GFRP composites can be used as reinforcing elements in 
Portland cement concrete environment with pure water.  
29.  
 
30. 
Tsai et al (2009), Compos Sci & Technol, 
69(3-4): 432-437 
Tsenoglou and Burchill (2004), 
Composites: Part A, 35(4): 501-508 
The damaging effects of environmental exposure of FRP 
composites as opposed to its long term retention of various 
properties on mechanical, physical and chemical fronts are of 
significant concerns for such applications where the service life 
can span over several decades and little or no maintenance is 
expected. 
31.  Ray et al (1991), Metals Materials and 
Process, 3(2): 99-108. 
 
Deviation from Fick’s law became more pronounced at 
elevated temperature of moisture conditioning environment. 
32. Vauthier et al (1998), Compos Sci & 
Technol, 58(5): 687-692 
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2.8 Conclusions 
 The effects of various hostile exposures on FRP composites were thoroughly studied. 
The conclusive findings of the investigators were presented in a tabular form (A Bird’s eye 
view on literature Review).  The performance of Glass fibre based polymer composite is still 
a problem for the material researchers across many disciplines. The present work is an 
attempt at deciding on the safe-use-life-span of the material when exposed to the atmospheric 
severities during its use.  
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MATERIALS AND METHODS OF EXPERIMENTATION 
 
3.1 Introduction 
This chapter houses the detailed experimental procedures as implemented in the 
present investigation. The Equipments accessed for the performance of methods of 
experimentation are tabulated indicating their specific use in the investigation along with 
their specifications and particulars in details. A flow sheet pertaining to experimental 
methods is also presented. 
The materials required for the fabrication of GFRP composite are also provided in 
this chapter.  This chapter encloses a clear cut description of the detailed step wise methods 
implemented for fabrication of the test specimens, taking fix weight of the samples by 
heating process, exposing to different stringent environments (hydrothermal conditioning, 
hygrothermal conditioning, sea water immersion, thermal shock treatment, flowing of sea 
water in a GFRP composite pipe and gamma irradiation of low and high intensity). The 
chapter also houses the methodology involved for various characterization techniques to 
record the responses for the treated composite samples. The photographs of the equipments 
used and experimental demonstration involved in the present work are also presented at the 
end of the chapter. 
 
3.2 Equipment/Instruments used in the Present Investigation 
 
Table: 3.1 represents a detailed list of the equipments/instruments used in the present 
investigations along with their specific use in the experiments conducted and their detailed 
specifications.  
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Table 3.1: List of the Equipments/Instruments used 
Sl.N
o. 
EQUIPMENT 
/ INSTRUMENT SPECIFICATIONS 
USE IN THE PRESENT INVESTIGATION 
1. Diamond Cutter   High Speed For sample preparation in required dimension 50 
mm (length) x 12 mm (breadth) 
2. Slide Caliper 
(Electronic) 
Measuring up to 2nd decimal of 
accuracy. Least count of 0.01 cm.  
For measuring the sample length, width and 
thickness 
3. Digital weight measuring 
equipment 
Measuring up to 3rd decimal of 
accuracy 
For measuring the sample weight before and after 
the environmental exposure 
4. Hygrothermal Chamber 
Microprocessor controlled 
Brabender climatic chamber 
Temperature Range: Room Temp to 
600C 
Humidiry range: Up to 95% 
Relative Humidity 
For Hygrothermal conditioning (600C + 95% R.H.) 
5. 
 
DSC (Differential scanning 
calorimeter) 
Mettler-Toledo 821 with intra 
cooler, operated by STAR software 
Determination of glass transition temperature (Tg) 
6. 
 
Electric Oven Range- 300C to 3000C For expelling the moisture from as-cured sample 
and for exposing the samples to a thermal shock at 
+ 500C, an elevated temp.  
For demoisturising the GFRP pipe samples after 
sea water flowing for different periods 
7. Cryogenic Chamber 
(Deep Freezer)  
 
S.D. Scientific Industries 
Ultra Low Chamber 
Range:  +500C to –800C 
For exposing the samples to thermal shock at – 
400C, a sub ambient temperature.  
 
8. INSTRON-1195 INSTRON Ltd., Model-1195 
Range-0.1N to 100KN 
For determination of Inter Laminar Shear Strength 
(ILSS), stress at rupture, strain at rupture and 
modulus by adopting 3-Point Bend Test method. 
9. Scanning Electron Microscope 
(SEM) 
JEOL , Type-JSM-6480LV 
(Thermionic emission type), 
ZEISS, EVO 60; Carl ZEISS SMT, 
Germany (Thermionic emission 
type) 
&  FESEM (NOVA NANO SEM) 
For obtaining the fractographs of the composites. 
10. Energy Dispersion 
Spectrometer (EDS) attached 
with SEM 
ZEISS EVO 60 with Oxford EDS 
detector (INCA PentaFET x3) 
& FESEM (NOVA NANO SEM 
BR with BRUCKER Software) 
 
To determine the depth of penetration of the salt 
components 
11. Fourier Transformation 
Infrared Spectrometer (FTIR) 
AIM-800 Automatic Infrared 
Microscope (SHIMADZU) 
The study of radiation effects on the chemical 
structure of epoxy matrix 
12. Thermogravimetric analysis 
(TGA) 
NETZSCH STA 449F3, operated 
by NETZSCH  Proteus Software 
To determine the percentage weight loss  for 
irradiated composite samples during thermo 
gravimetric analysis. 
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3.3 MATERIALS USED  
 Epoxy Resin 
Specification – LAPOX-L 12 based on Bisphenol-A 
Data pertaining to Table 3.2 reveal some of the typical properties of cast epoxy resin  
            as provided by ATUL LIMITED, Polymer Division.  
The network structure of cured epoxy resin is shown in Fig 2.2 (Section 2.1.3,   Chapter-2) 
 Hardener 
Specification:  Lapox K-6, (Diamine)  an aliphatic primary amine, as provided by  
ATUL LIMITED, Polymer Division 
 
 Glass Fibre  
Specification: Woven E- glass fibres  
The fibre used was E-glass fibre treated with silane-coupling sizing system (Saint-
Gobian Vetrotex). 
Fig 3.1 shows the photograph of woven E-glass fibre mat. The compositions of the oxides in 
E-glass fibre are listed in Table-3.3. Table 3.4 represents some of the physical properties of 
E-glass fibre.  
Thermoplastic films sprayed with releasing agent (mould release sprayer: name: Silicone 
Release Spray) are used for easy detachment of composite after complete curing of the 
layered based composite.  
    
 Table 3.2: Typical properties of cast Epoxy resin provided by Atul Limited, Polymer Division 
Property Standard Typical Values 
Tensile Strength (MPa) ISO/527 55-70 
Tensile Modulus (GPa) ISO/527 2.5-4.0 
Flexural Strength (MPa) ISO/178 120-140 
Compressive Strength (MPa) ISO/604 110-120 
Elastic Modulus (GPa) ISO/178 3.2-3.6 
Glass Transition Temperature (
o
C) DIN 11357-2 110-130 (120
0
C as 
mid value) 
Coefficient of Linear thermal expansion (CTE) 
10
-6
 (/
o
C) 
DIN 53752 64-68 
100 
 
 
Table 3.3: Composition ranges for the oxides used in specific commercial E-glass fibre [146] 
Constituents Weight Percent 
SiO2 52-56 
Al2O3 12-16 
CaO  16-25 
MgO 0-5 
B2O3 5-10 
Na2O + K2O 0-2 
TiO2 0-1.5 
Fe2O3 0-0.8 
F2 0-1 
 
 
 
Table 3.4: Typical properties of E-Glass fibre [147] 
 
Typical Properties Value 
Density (gm/cm
3
) 2.60 
Young’s Modulus (GPa) 72 
Tensile Strength (GPa) 1.72 
Tensile Elongation (%) 2.4 
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3.4 EXPERIMENTAL FLOW SHEET 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Composite Fabrication 
Sample preparation 
Weight after extraction of moisture 
Environments to which the composite samples are exposed to 
 
     Hydrothermal 
(20, 40, 60, 80, 100  
and 120 days) 
 
       Hygrothermal 
(15, 30, 45, 60, 75 and 90 
days) 
 
 
 
 Sea water immersion 
(2, 4, 6, 8, 10, 12 Months) 
 
(600 C & 95% 
Relative Humidity) 
 
 
 
Room temperature  
 
 
 
(650 C & 
immersed in 
distilled water) 
 
 
 
Exposed to  
Thermal Shock 
   Up-Thermal Shock 
-400 (for 1, 2.3, 4, 5 hrs) to 
 +500 (for 2 hrs) 
 
Down-Thermal Shock 
+500(for 1, 2.3, 4, 5 hrs) to    
  -400 (for 2 hrs) 
 
Characterizations 
 
 
 
Determination of  
ILSS, stress and strain 
at rupture and modulus 
by        
3-point bend test 
 
Determination of  
Tg by DSC (Low 
temperature) 
 
 
Failure  
Analysis by  
SEM 
 
GFRP pipe fabrication 
 
Sea water passage 
in GFRP pipe 
(2, 4, 6, 8, 10 
and 12 months) 
with temperature 
fluctuation 
 
Exposure to 
Gamma irradiation 
Dose: 10-60 kGy  
(Low intensity) 
0.5 – 10.5 MGy  
(High intensity) 
 
Determination of 
depth of penetration 
of salt elements of in 
to the composite 
body by EDS 
analysis 
 
FTIR and 
TGA  
analysis 
 
GFRP Laminate fabrication by Hand Lay-up method 
Determination of 
percentage of 
demoisturisation by 
heating the cut pipe 
samples in an 
electric oven kept 
at 900C.  
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3.5 FABRICATION OF COMPOSITE 
 
3.5.1 Fabrication of GFRP laminates by Hand Lay-up Method 
The pre-mixed epoxy resin (Lapox L-12) with curing agent/hardener (Diamine: Lapox K-
6) is applied on the woven E-glass fibre mats by the help of paint brush. The curing agent (1/10th 
of epoxy weight) is a fixed proportion as applied in all the samples for the purpose of curing. 
Every fibre-polymer layer is rolled to ensure the perfect attachment of fibres with polymer and 
complete removal of trapped air. Two numbers of thermoplastic films are placed on either side of 
the composite sheet under fabrication. Load is applied on the sheet of the top surface so that the 
matrix (epoxy resin) on either side of the sheet is uniformly distributed. This provided a uniform 
thickness of the outer epoxy layer ensuring a smooth, even distribution of the matrix. The weight 
fraction of fibre and epoxy is maintained to be in the ratio of 50: 50. The layered structure was 
molded and applied some loads to harden by curing process. The composite is cured at room 
temperature for 48 hours and de-molded. Fig 3.2 shows the demonstration of hand lay-up 
method.  
 
3.5.2 Fabrication of GFRP Composite pipe 
The basic principle of fabricating the glass fiber reinforced epoxy composite pipe is based 
upon the principle of filament winding process [19]. The process involves winding of E-Glass 
fibre mats coated with epoxy resin over a mould/mandrel. Here, stainless steel pipe is the 
selectable material to pay the role of mandrel for the easy detachment of composite pipe. At first, 
the stainless steel pipe is coated with lubricant oil to avoid the adhesion/sticking of composite 
material with the stainless steel surface. The epoxy resin mixed with the hardener is applied on 
the fibre wound over a stainless steel pipe by a brush. On this the second fibre mat is wound and 
the epoxy resin mixed with the hardening agent is applied on it with the help of a brush. The 
process is continued till 18 layers of the fibre mat are wound on the stainless steel pipe surface 
and held in position with the application of the epoxy and hardener mix applied on the surface 
with the help of a brush. Thermoplastic film sprayed with releasing agent is winded over the 
composite pipe and allowed for the process of curing at room temperature for 48 hours. After 
curing, the hardened GFRP composite pipe is allowed for the de-molding of the stainless steel 
pipe and detachment of the thermoplastic film. The pipe fabrication method is shown in Fig 3.3. 
The composite pipe is shown in Fig 3.4.  
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 3.6 SAMPLE PREPARATION 
3.6.1 Short Beam shear specimen preparation 
After curing, the laminate is cut into the standard size (short beam shear specimen) by 
diamond cutter. A diamond cutter is used to cut each laminate into smaller pieces, each 
having length of 50 mm and breadth as 12 mm. the dimension of the short-beam shear 
specimens was maintained as per the ASTM standard (ASTM D 2344-84 (1989) in 
accordance with the rule that, the length of the specimen should be greater than 10 times the 
thickness and maximum width given as D+2t, where D is 10 and t is the thickness of the 
composite. Fig 3.5 shows the photograph of diamond cutter. The short beam shear specimens 
of GFRP composites are shown in Fig 3.6.  
 
3.6.2 Weight after extraction of moisture 
Any moisture that would have entered in to the specimen body during ambient curing 
is driven out by heating the specimens in an electric oven at 55
0
C to 60
0
C. The complete 
removal of moisture is ensured by alternate heating and weighing till a fixed weight is 
obtained. This fixed weight represented the base weight of the sample.  
 
3.7 ENVIRONMENTAL TREATMENTS  
GFRP composite materials are exposed to some stringent environments ramified to 
several types like hydrothermal conditioning, hygrothermal conditioing, immersion in sea 
water at room temperature, thermal shock to hydrothermally/hygrothermally and sea water 
immersed samples, flowing of sea water inside composite pipe subjected to temperature 
fluctuations and gamma irradiations of low and high intensity.  
3.7.1 Hydrothermal Conditioning 
The eighteen layered E-glass fibre/epoxy composite samples are immersed in distilled 
water for 20, 40, 60, 80, 100 and 120 days. The beakers containing distilled water are kept in 
an electric oven which was maintained at 65
0
C early before the exposure. Water level is 
checked within a regular interval (24 hours).  The exposed samples are dried by tissue paper.  
The dried samples are weighed by an electronic balance. Then, the hydrothermally 
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conditioned samples are wrapped by aluminum foil and kept in desiccators to avoid further 
moisture absorption. The percentage of moisture gain after each period of hydrothermal 
conditioning was calculated by using the following formula [148].  
The moisture absorption )(tM can be determined from the weight gain of the 
specimen; as a function of time  
100
0
0 


w
ww
M tt                                                  (3.1) 
where, 0w  and tw are the weights of the dry and wet specimens at a time‘t’.  
Fig 3.7 shows the photograph of hydrothermal conditioning of glass fibre/epoxy composites.  
3.7.2 Hygrothermal Conditioning 
A humidity chamber is used for the exposing of E-glass fibre/epoxy composite to 
hygrothermal environment (moisture laden atmosphere). After switching on the equipment 
(humidity chamber) sufficient time gap is allowed till the required humidity and temperature 
to attain (95% of relative humidity & 60
0
C). Pure distilled water is used to feed up the 
humidity chamber. The hygrothermal chamber and its schematic diagram are shown in Fig 
3.8 and Fig 3.9, respectively. Precautions were taken to maintain the level of distilled water 
in the tank at the desired level. Also the distilled water level for the wet bulb thermometer is 
kept at appropriate level. The net temperature fluctuation was 0.7
0
C, while the humidity 
fluctuation ranged up to a maximum of 0.4 percent. Then a group of samples (further 
required for up and down thermal shock) are exposed into the chamber and subsequently 
removed after predetermined time periods (15, 30, 45, 60, 75 and 90 days). After completion 
of the exposing for each time periods, the samples were wiped perfectly by using a tissue 
paper to ensure no moisture on the surface of the composite. The exposed specimens are then 
weighed by an electronic weighing machine and the percentage of moisture gain was 
calculated using equation 3.1. The hygrothermally conditioned composite specimens were 
then wrapped in aluminum foil so as to avoid moisture loss or moisture pick up. The wrapped 
samples are kept in a desiccator for further characterizations and for thermal shock exposure.  
 
105 
 
 
3.7.3 Sea Water Immersion 
 
A group of eighteen layered E-glass fibre/epoxy composite samples required for 
thermal shock exposures are immersed in sea water in different beakers at room temperature 
for different periods (2, 4, 6, 8, 10 and 12 months). The samples after immersion are dried by 
tissue paper and weighed by using electronic weighing machine. The weights of the 
immersed samples are noted and the percentage of moisture gain is calculated by using 
equation 3.1. The sea water immersed samples are then wrapped in aluminum foil and kept in 
a desiccator to avoid further moisture absorption.  
Fig 3.10 shows the photograph showing sea water immersion of glass fibre/epoxy 
composites. The concentrations of salt components in sea water are listed in Table 3.5. The 
average salinity of the sea water used in the present study is 34.7 ppt, i.e. on an average there 
is 34.7 gm of salt in every kg of seawater as found from National Institute of Oceanography 
(CSIR Laboratory), Goa, India.  
 
Table 3.5: Concentrations of salt components in sea water [81] 
Element Parts per million 
Cl 21,700 
Na 19,497 
SO4 2880 
Mg  1338 
K 743 
Ca 602 
HCO3 200 
  
3.7.4 Thermal Shock treatment 
The treated composite specimens (hydrothermally conditioned, hygrothermally 
conditioned and sea water immersed) are subjected to thermal shock exposure with varying 
time periods. The thermal shock treatment is classified as up-thermal shock (the sudden 
change from sub-ambient to elevated temperature) and down-thermal shock (sudden change 
from elevated to sub-ambient temperature) as mentioned below. The thermally shocked 
samples are transferred to the site of the INSTRON-1195 machine in an insulated desiccator 
and put to 3-point bend test for determination of ILSS, stress at rupture, strain at rupture and 
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modulus.  Fig 3.11 and Fig 3.12 show the photographs of electric oven and cryogenic 
chamber, respectively.  
3.7.4.1 Up-Thermal and Down-Thermal shock  
An electric oven and a cryogenic chamber (deep freezer) are set at temperatures 
+50°C and −40°C, respectively. The treated composite specimens are exposed to up-thermal 
shock (−40°C for 1, 2, 3, 4 and 5 hours in the cryogenic chamber, then suddenly to +50°C for 
2 hours in the electric oven) and down-thermal (+50°C for 1, 2, 3, 4 and 5 hours in the 
electric oven, then suddenly to −40°C for 2 hours in the cryogenic chamber) shock, in 
groups, separately. 
 
3.7.5 Flowing of Sea Water inside glass fibre/epoxy composite pipe 
An experiment is set up for flowing of sea water inside the composite pipe, as 
illustrated in Fig. 3.13. Glass fibre/epoxy composite pipe is kept in a tin cabinet by 
maintaining some inclination. The purpose of maintaining inclination is to expose the inside 
wall of the GFRP pipe to flowing sea water perfectly. Both the ends of the composite pipe 
are connected to glass tube through cork. The cork is wounded over some layers of Teflon 
tape to avoid water leakage. The in-let of the composite pipe is connected to an immersed 
electric water pump in sea water bath. The outlet of the pipe is connected to the same bath for 
re-circulation purpose. The composite pipe is allowed for sea water flowing continuously. 
The continuation is maintained by connecting the power supply to an inverter. About 1/3
rd
 of 
the sea water inside the bath is replaced by fresh sea water once in a week, so as to maintain 
fresh sea water-composite interface. A 100 watt electric bulb is set inside the cabinet (to 
maintain a temperature of 50-60
0
C during day time) for creating a stringent environment 
equivalent to a desert.  A thermometer is kept just below the composite pipe to monitor the 
temperature fluctuations. The electric bulb is switched on and switched off alternatively in a 
period of 12 hours. This experiment is continued up to 1 year. On completion of sea water 
flowing for a period of 2 months, 50 mm of the pipe is cut by diamond cutter.  The short 
beam shear (SBS) specimens are prepared for 3-point bend test.  
Moisture gain in this case is not possible to determine. Hence, the cut pipe sample 
after every 2 months is initially weighed and then kept in an oven at 90
0
C for 2 hours and 
then weighed. This is repeated to get the fix weight of the pipe sample. In this way, the loss 
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of moisture (demoisturisation) is estimated which is the loss of weight on heating of the cut 
sample. The shear specimens are also subjected to EDS analysis to determine depth of 
penetration of various salt components of sea water.   
 
3.7.6 Gamma irradiations  
The E-glass fibre/epoxy composite specimens (short beam shear specimens) are 
exposed to gamma-irradiations of low and high intensity. The irradiation treatment is carried 
out at ISOMED, Bhaba Atomic Research Center, Mumbai. Co
60
 having decay rate of 1% per 
month was used to create gamma-radiation in gamma irradiation chamber 5000. The 
composite samples are exposed to gamma irradiations of cumulative doses of both low 
intensity (10, 20, 30, 40, 50 and 60 kGy) and high intensity (0.5, 2.5, 4.5, 6.5, 8.5 and 10.5 
MGy) at a constant dose rate of 2 kGy/hour at room temperature. The time of irradiation is 
maintained to achieve the required dose of radiation. The dose rate is calculated by chemical 
dosimetry during installation or when required. The dose rate for the particular chamber is 
fixed unless the activity of the material (Co
60
) is changed. The dose rate was calculated once 
in a month using correction factor for the dose determined by chemical dosimetry.  
 
3.8 CHARACTRIZATIONS 
3.8.1   3-Point Bend Test (short beam shear test) 
The purpose of the 3-point bend test is to determine inter laminar shear strength 
(ILSS), stress/strain at rupture and modulus of the laminar composite. The short beam shear 
(SBS) composite samples (as-cured and treated) are subjected to 3-point bend test as per 
ASTM D 2344-84 (1989) standards [149].  The SBS specimens obtained from E-glass 
fibre/epoxy composite pipe after sea water flowing are also considered for this test. Here the 
specimen is simply supported at the two ends and is loaded by a central load (crosshead). The 
bending test is performed in INSTRON-1195, the universal testing machine. The span length 
is maintained to be 40 mm and crosshead velocity of 1 mm/min. The load-cell calibration 
was performed perfectly prior to starting of 3-point bend test of composite specimens. Data 
pertaining to breadth and thickness of composite samples are made ready before the 
performance of the test. About four composite specimens are considered for the test to 
enhance the precision in ILSS, stress/strain at rupture and modulus values with respect to the 
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concerned environmental treatments. Immediate performance of this test was considered for 
thermally shocked composite specimens. The results pertaining to 3-point bend test include 
load at rupture (load at peak in KN), Stress at peak/rupture (MPa), Strain at peak/rupture 
(mm/mm) and Modulus in MPa. 
Inter laminar shear strength (ILSS) of the SBS specimens are determined from the load at 
peak data, as obtained from 3-point bend test results. Each of the tests for the determination 
of ILSS as well as stress at rupture was conducted for three times each and average value is 
reported. It must be recorded from the same test conducted on the sample generated both the 
ILSS and stress at rupture as one pair of results. It also provided strain at rupture and 
modulus for the same set up. 
The prescribed formula referred for the calculation of ILSS is as follows [150] 
ILSS = 0.75 
bt
pb                                   (3.2) 
where, bp  = breaking load (load at rupture in kN) 
           b  = width of the specimen 
           t  = thickness of the specimen. 
 
The formula for ILSS in MPa scale can be calculated as: 
ILSS = 
bt
pb100075.0  N/mm2 or (MPa)         (3.3) 
The INSTRON -1195 is shown in Fig 3.14. The demonstration of 3-point bend test is shown 
in Fig 3.15.  
3.8.2 Differential Scanning Calorimetry (DSC) 
Determination of Glass Transition Temperature (Tg)  
Differential scanning calorimetry (DSC) monitors the variation of heat capacity of a 
material with temperature. A sample of known mass is heated or cooled and the changes in 
its heat capacity are tracked as changes in the heat flow. This allows the detection of 
transitions like melts, glass transitions, phase transitions and curing.  
DSC is a thermo-analytical technique in which the amount of heat required to 
increase the temperature of a sample and reference is measured as a function of time. In a 
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DSC thermogram, the endothermic peaks – those events which require energy point up – 
because the instrument must supply more power to the sample to keep the sample and 
reference furnaces at the same temperature. In a heat flux DSC, these same events cause the 
sample to absorb heat and be cooler than the furnace, so they point down. The reverse logic 
applies to exothermic events where energy is released [151]. 
Glass Transition (Tg) is an exothermic event, a change in heat capacity that is 
depicted by a shift in the baseline. It is considered the softening point of the material or the 
melting of the amorphous regions of a semi-crystalline material [152]. Glass transition 
temperature of polymer matrix composite plays an important role when the durability and 
long-term life are considered. The fibrous composite needs to be put to service at a 
temperature below Tg where it is both glassy and stiff and can hold the fibres tightly with a 
well-defined appropriate fibre-matrix interface [20].   
The DSC measurement is performed on a Mettler-Toledo 821(Fig 3.16) with intra 
cooler, using the STAR software with Alternating DSC (ADSC) module. The temperature 
calibration and the determination of the time constant of the instrument are performed by 
standards of In and Zn, and the heat flow calibration by In. For DSC and TG test, very small 
portion of the fractured specimen is cut carefully and weight of the sample is kept within 12 
mg. The shape of the sample also maintained so that it could be approximately housed in the 
Alumina Crucible. In order to calibrate the heat flow signal, a blank run with an empty pan 
on the reference side and an empty pan plus a lid at the sample side are performed before the 
sample measurements. Standard aluminum pans are used to keep the sample and reference 
material. The scanning is done over a temperature of 30
0
C to 150
0
C with a scan rate of 10
0 
C/min. The first change of slope in the DSC thermogram determines the Tg, the glass 
transition temperature. 
 
3.8.3 EDS analysis 
Determination of the depth of penetration of the salt components of sea water penetrated into 
the GFRP composite body:  
The sea water treated (immersion and flowing sea water) specimens are subjected to 
EDS (Energy Dispersive Spectroscopy) analysis to determine the depth of penetration of salt 
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components of sea water into the composite body. The point EDS technique was adopted to 
divulge the depth of penetration in micrometer range. This technique was performed across 
the specimen (which is cut after sea water treatment) from exposed to unexposed end, till the 
reference salt component peaks are absent or insignificant in the EDS spectra. The length of 
this depth was measured according to the reference scale in the SEM micrograph. Fig 3.17 
shows the EDS spectrum showing insignificant peaks of some salt components                  
(Na, Mg, Ca, K) for as-cured composite samples. The Spectrum as shown in Fig 3.17 clearly 
indicates the absence of ‘Cl’ peak.   
 
3.8.4 Thermo-gravimetric Analysis (TGA) 
Thermo-gravimetric analysis (TGA) can provide information pertaining to changes in 
physical and chemical properties of material exposed to increasing temperature.  
 
The applications of TGA include the following [153, 154]: 
(i) materials characterization through analysis of characteristic decomposition patterns 
(ii) studies of degradation mechanisms and reaction kinetics 
(iii) determination of organic content in a sample 
(iv) determination of inorganic content in a sample 
 
It is especially a useful technique for the thermal analysis study of polymeric materials of 
all classes [155]. In the present study, irradiated GFRP composites are subjected to TGA test 
for the study of thermal decomposition due to radiation induced oxidation or due to 
formation of some residual organic species [156].  
 
 Fig 3.18 shows the photograph of TGA equipment. The GFRP samples as needed for 
TGA test is kept in an alumina (Al2O3) crucible as per the weight requirement. The scanning 
(heating) is performed over a temperature range (room temperature to 800
0
C) with a heating 
rate of 10
0
C/min under nitrogen atmosphere. A thermo-balance in the TGA apparatus 
measures the mass change as a function of temperature and time. The percentage of mass 
(weight) loss for the respective samples is plotted against the temperature to show the 
decomposition pattern. The initial decomposition temperature (IDT) showing 5% of weight 
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loss during thermo-gravimetric test is determined from the TGA thermograms [126]. Also, 
the activation energy for the thermal decomposition process is calculated by using Broido’s 
integral method* [142].  
*The details of Broido’s integral method is mentioned in Appendix-1 
 
Broido [142] suggested the following equation for calculation of activation energy for 
thermal decomposition of a material. 
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    where, tw =weight of the specimen at any time ‘t’ 
               0w = initial weight 
               w = final weight after TGA test 
                T = absolute temperature recorded on the thermogram 
                R = gas constant (8.314 J/mole. K) 
                k = Constant 
 
Activation energy ( aE ) is calculated from the slope of the plot between 
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 (Fig 4.79 and Fig 4.80) according to equation (3.4).  
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‘ aE ’ values are positive, as the plot between 





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 yields negative slope. All 
‘ aE ’ values are expressed in the unit of K. Joule/mole.  
 
3.8.5 Fourier Transformation Infrared Spectroscopy (FTIR)  
The Fourier transform infrared (FTIR) spectroscopy is one of the most preferred 
methods for spectroscopic analysis. In this process an infrared (IR) radiation is passed 
through a sample. Some of the infrared radiation is absorbed by the sample and some of it is 
transmitted. The resulting spectrum represents the molecular absorption and transmission 
which is a unique molecular fingerprint of the sample. The infrared spectroscopy is useful for 
several types of analysis. The physical property measured in infrared spectroscopy is the 
ability of some molecules to absorb infrared radiation. Atoms in molecules are not static but 
rather they vibrate about their equilibrium positions. The frequency of these vibrations 
depends on the mass of the atom and the length and strength of the bonds. Molecular 
vibrations are stimulated by bonds absorbing radiation of the same frequency as their natural 
vibrational frequency (usually in the infrared region). Fourier transform infrared (FTIR) 
spectroscopy is one of the most versatile, fast, inexpensive and conclusive method for surface 
and bulk characterization [147]. 
 
The FTIR spectroscopy is performed in AIM-800 Automatic Infrared Microscope 
(SHIMADZU), which is shown in Fig 3.19.  The gamma irradiated specimens are subjected 
to FTIR spectroscopy test for the study of radiation effects on the chemical structure of epoxy 
matrix. Very thin pallets of the irradiated specimens are prepared for the test. Prior to pallet 
making, KBr is added to the powdered composite specimen in a ratio of 70:30, in their 
respective order. Here the spectra are collected in the 4000cm
-1
 to 400 cm
-1
 region with         
8 cm
-1
 resolution, 60 scans and beam spot size of 10µm-100µm. The spectral point-by-point 
mapping of the interface of the epoxy cured composites is performed in a grid pattern with 
the use of computer controlled microscope stage. The percentage of transmittance is plotted 
against the entire ranges of wave numbers. The FTIR spectra of the irradiated composite 
specimens are compared with the as-cured sample to show the absence/presence of the 
functional groups.  
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3.8.6 Scanning Electron Microscopy (SEM) 
Fractographic Analysis 
The fractographic investigation reveals various possible modes of failures when the 
sample is subjected to mechanical loading. Scanning electron microscope (SEM) can provide 
such high resolution fractographs portraying clear-cut information regarding the modes of 
failure. Due to very narrow electron beam, SEM micrographs have a large depth of field 
[157], which can provide a characteristic three-dimensional appearance in fractographic 
images.  
The fractographs of treated GFRP composite samples are investigated by SEM.  First 
of all, all the fractured GFRP samples are given coating of platinum/gold-palladium in order 
to make them conducting. Coating of the samples is performed in a sputtering machine (JFC-
1600, Auto Fine Coater of JEOL or Polaron-SC7620 of ZEISS). The coated samples are 
loaded on the loading plate and then viewed under SEM. Vacuum level of the SEM chamber 
is adjusted from time to time depending on the requirement. SE-Mode (Secondary electron 
mode) is adopted to view the micrographic fractured surface of the specimen. The 
photographs of various SEM machines are shown in Fig 3.20.   
 
3.9 Conclusions 
 The experimental procedures, as adopted in the present investigation, are discussed in 
details. Special cares are taken care of during exposing the GFRP composite samples to 
various stringent environments. The results in the form of tables, graphs, SEM fractographs 
etc. are presented in Chapter-4 (Results and Discussion) and also critically analyzed.  
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                             Fig 3.1: Photograph of Woven E-glass fibre mat 
 
           
                         Fig 3.2: Hand lay-up method for fabricating laminar composite 
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                                        Fig 3.3: Fabrication of GFRP pipe 
 
 
Fig 3.4: Photographs of (a) GFRP Pipe (b) Cut-piece of GFRP pipe after flowing of sea water 
for a period of 2 months (c) Pipe sample after cutting indicates some depositions of trace 
elements at the inner surface (d) short beam shear specimens of GFRP pipe 
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Fig 3.5: Short beam shear specimens of GFRP composite 
 
 
Fig 3.6: Hydrothermal conditioning of E-glass fibre/epoxy laminar composites 
 
117 
 
 
                
 
Fig 3.7: Photograph of Humidity Cabinet 
 
                                  Fig 3.8: Schematic diagram of hygrothermal chamber [42] 
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Fig 3.9: Sea water immersion of glass fiber/epoxy composites 
 
 
 
 
Fig 3.10: Experimental set up of flowing of sea water inside GFRP composite pipe              
(a) plan of the experimental arrangement (b) actual experimental arrangement 
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Fig 3.11: INSTRON-1195 with 3-Point bend test set up 
 
                  
                          
 
 
 
                           Fig 3.12: Experimental demonstration of 3-point bend test 
 
 
             Fig 3.13 (a) Mettler-Toledo 821 with intra cooler for DSC measurements and  
                                                  (b) Reference-sample chamber 
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Fig 3.14: EDS spectrum of as-cured glass fibre/epoxy composite indicating  
insignificant peaks 
 
 
 
 
Fig 3.15: Photograph of TGA equipment (NETZSCH STA 449 F3) 
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Fig 3.16: Photograph of Fourier transformation infrared (FTIR) spectrometer (SHIMADZU) 
 
 
Fig 3.17: Scanning Electron Microscope (a) JEOL; JSM-6480 LV,  
(b) ZEISS, EVO 60 and (c) FESEM; NOVA NANO SEM                                                                
******** 
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             RESULTS AND DISCUSSION 
 
4.1 Exposure of GFRP Composites to Moisture Laden Ambience (Hygrothermal) 
and Water immersion (Hydrothermal) without Thermal Shock 
4.1.1 Introduction 
 Moisture is an enemy of the GFRP composites which otherwise exhibit superior 
mechanical properties compared to their metallic counter parts. Moisture can get induced 
in to the composite body simply by its immersion in water or on its exposure to a 
moisture laden ambience. When immersed in water the composite/water interface is more 
or less static where as in a moisture laden ambience the interface is dynamic owing to the 
continuous variations in the aqueous-pressure of the ambience. However, it is essential to 
evaluate the performance of the composite under the attack of moisture whether it is 
induced due to hydrothermal or hygrothermal exposures, especially when the GFRP 
component is to perform as a Civil engineering structural component or as a high 
performing aerospace component in which case it is more likely to get exposed to 
moisture. It is because the performance of GFRP composites is seriously affected by the 
induced moisture. The presence of moisture in the composite body may cause matrix 
plasticization, chemical degradation leading to instability and/or mechanical degradation. 
While matrix plasticization badly affects the matrix modulus, chemical degradation leads 
to hydrolysis of the fibre-matrix bond at the interface and weaken the composite. 
Mechanical degradation, as a consequence of matrix-swelling on moisture ingression may 
damage the composite by inducing internal micro cracks.  
The present work is an attempt at evaluating the GFRP composite under the attack 
of moisture under hygrothermal as well as hydrothermal conditioning without the effects 
of thermal shocks. The mechanism of the moisture ingression and the damages caused, 
especially the mechanism of failure under such exposures are examined at length on the 
basis of the results of the experiments conducted.  
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4.1.2 The Present Study  
E-Glass fibre/epoxy layered composites are exposed to hygrothermal environment 
(95% R.H. + 60
0
C) for 15, 30, 45, 60, 75, 90 days and immersed in distilled water at 65
0
C 
for 20, 40, 60, 80, 100 and 120 days separately in batches. The percentage of moisture 
gain of these samples is estimated in terms of weight gain. The moisture treated samples 
are then subjected to 3-point bend test to record load, stress, strain values at rupture and 
the elastic modulus. Inter laminar shear strength (ILSS) values are also calculated 
(equation 3.3). The results are tabulated in Table 4.1A and 4.1B and also graphically 
presented in Fig 4.1A, Fig 4.1B to 4.7A, Fig 4.7 B. The Tg (Glass transition temperature) 
of such samples are determined using the low temperature DSC. Tg values are also 
presented in Table 4.1A and Table 4.1 B. Fig 4.8A and 4.8 B represent the DSC curves 
while the Tg variations are shown in bar-diagrams in Fig 4.9A and Fig 4.9B.  The SEM 
fractographs of the hygrothermally conditioned samples for 15 and 90 days (extreme ends 
of the exposure time)  and hydrothermally immersed samples for 20 and 120 days 
(extreme ends of the exposure time)  along with as-cured fractured specimen are 
illustrated (Fig 4.10, Fig 4.11A, 4.11 B). 
4.1.3 Observations 
Data pertaining to percentage of moisture gain, ILSS, stress at rupture, strain at 
rupture, modulus and glass transition temperature (Tg) of the composite samples after 
hygrothermal and hydrothermal treatments are being presented in Table 4.1A and Table 
4.1B, respectively.  
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TABLE 4.1.A: Percentage of Moisture gain, ILSS, Stress at Rupture, Strain at Rupture, Modulus 
and glass transition temperature (Tg) for Hygrothermally conditioned E-glass fibre/epoxy 
composites** 
Hygrothermal 
exposure 
In days 
Moisture 
gain (%) 
ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
Glass Transition 
Temperature; Tg 
(
0
C) 
Onset Mid-Point 
0 (As-Cured) 0 26.6 345.5 0.03045 14545 120 120 
15 1.03 22.9  343.3 0.0233 16723 101.1* 101.7 
30 1.21 22.0 322.9 0.0229 15666   
45 1.32 22.0 317.1 0.0213 16390   
60 1.35 21.8 305.1 0.0215 15706 98.4* 99.0 
75 1.55 20.9 280.9 0.0219 13060   
90 1.68 20.0 272.3 0.0213 13726 98.0* 98.8 
 
TABLE 4.1B: Percentage of Moisture gain, ILSS, Stress at Rupture, Strain at Rupture, Modulus 
and glass transition temperature (Tg) for Hydrothermally Immersed glass fibre/epoxy 
composites** 
Hydrothermal 
Immersion 
In days 
Moisture 
gain (%) 
ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
Glass Transition 
Temperature; Tg 
(
0
C) 
Onset Mid-Point 
0 (As-Cured) 0 26.6 345.5 0.03045 14545 120 120 
20 1.25 24.4 336.7 0.0255 15380 101.7* 104.2 
40 1.29 23.7 314.9 0.0288 14673   
60 1.32 21.8 291.2 0.0216 14686   
80 1.38 21.7 292.9 0.0236 13083 99.1* 100.2 
100 1.56 20.8 279.4 0.0225 13373   
120 1.64 20.4 273 0.0217 13213 100.7* 102.5 
 
*Low temperature DSC is conducted for representative samples alone. 
** Error chart is provided in Appendix-2 
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Moisture Gain 
(i) The percentage of moisture gain is increased with increase in immersion time. 
Initially the slope assumes a higher value, then flattens somewhat and then again 
increases illustrating the varied rates of moisture gain at different time intervals.     
(Fig 4.1A and Fig 4.1 B) 
          
 
      Fig 4.1A: Percentage of Moisture gain                      Fig 4.1B: Percentage of Moisture gain 
     for hygrothermally conditioned samples                    for hydrothermally immersed samples 
 
 ILSS 
(i) ILSS of the composite samples continuously decrease with increase in duration of 
both hygrothermal and hydrothermal exposures. (Fig 4.2A and Fig 4.2 B)  
(ii) ILSS of the composite samples are found to decrease with increased moisture 
gain. (Fig 4.3A. Fig 4.3 B, Fig 4.4 A and Fig 4.4B)  
             
              Fig 4.2A: Variation of ILSS with                          Fig 4.2B: Variation of ILSS with 
             hygrothermal conditioning period                          hydrothermal immersion period 
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                  Fig 4.3 A: Variation of ILSS with                           Fig 4.3 B: Variation of ILSS with 
                        percentage of moisture gain                                     percentage of moisture gain  
                               (Hygrothermal)                                                             (Hydrothermal)  
 
 
Fig 4.4 A: 3D Plot pertaining to the variation             Fig 4.4 B: 3D Plot pertaining to the variation 
    of ILSS with respect to hygrothermal                       of ILSS with respect to hydrothermal  
conditioning period and percentage of                         immersion period and percentage of  
                     moisture gain                                                                moisture gain 
                         
Stress and Strain at Rupture 
The stress/strain at rupture are found to decrease with increasing immersion period (Fig 
4.5A, Fig 4.5B, Fig 4.6A and Fig 4.6B). The same diagrams reveal that the variations of 
stress/strain at rupture with respect to exposure periods are similar.  
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       Fig 4.5 A: Variation of Stress and Strain at                            Fig 4.5 B: Variation of Stress and Strain at    
                 rupture with the hygrothermal                                              rupture with the hydrothermal  
                           conditioning period                                                                   immersion period    
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Modulus 
The modulus values are decreased with increasing periods of exposures. However, these 
values exhibit a slight upward trend initially. (Fig 4.7A and Fig 4.7B) 
 
Glass Transition Temperature (Tg) 
The DSC curves are presented in Fig 4.8A and Fig 4.8B, which reveal an decreasing trend 
in the Tg values with extended periods of exposure.  (Fig 4.9A and Fig 4.9B) 
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       Fig 4.7 A: Variation of Modulus with                             Fig 4.7 B: Variation of Modulus with       
        the hygrothermal conditioning period                              the hydrothermal immersion period 
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    Fig 4.8 A: DSC curves for hygrothermally                 Fig 4.8 B: DSC curves for hydrothermally  
                   conditioned samples                                              immersed samples 
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       Fig 4.9 A: Variation of Tg with respect                       Fig 4.9 B: Variation of Tg with respect 
         to periods of hygrothermal conditioning                     to periods of hydrothermal immersion 
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SEM Fractographs 
The SEM fractograph for the as-cured sample is presented in Fig 4.10. Samples with 
minimum (15 days for hygrothermal and 20 days for hydrothermal) and maximum (90 
days for hygrothermal and 120 days for hydrothermal) period of exposures are 
investigated using SEM to record the mode of failures. The related SEM fractographs 
exhibiting the modes of failure are presented in Fig 4.10 through Fig 4.11B.  
 
 
Fig 4.10: SEM Fractographs for As-cured sample 
 
Fig 4.11A: SEM fractographs for hygrothermally conditioned samples (a) 15 days (b) 90 days 
       
Fig 4.11B: SEM fractographs for hydrothermally immersed samples (a) 20 days (b) 120 days 
 
Fibre Breakage 
Fibre Pull out Fibre /matrix debonding 
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4.1.4 Discussion 
Many investigators [158, 159] have tried to explain the transport of moisture 
through the process of diffusion in resins and resin-glass composites. These findings 
throw light on the effect of chemistry and sinks, i.e. chain sites or cavities on sorption-
desorption process. According to these workers, the water molecule dissolved in the 
surface of a polymer establishes a chemical potential and thus diffuses in the polymer 
down the potential gradient. The transport phenomena [160] of moisture in polymers have 
also been explained by many free volume based theories; free volume in the polymer 
being a result of packing irregularities creating ‘holes’ and ‘voids’ in the polymer [161].   
Fig 4.1A shows the continuing uptake trend in moisture exhibiting that the 
saturation point is not reached even after 90 days of hygrothermal conditioning. Initially 
the moisture uptake assumes a high rate due to the difference in concentration of moisture 
between the composite body and the ambience. The rate of moisture intake, after the 
moisture ingression reaches a threshold value obeying the Fick’s Law, decreases and then 
again increases, as a consequence of exposure to longer periods. This is non-Fickian 
where the linearity of the plot between moisture gain and square root of time of exposure 
is disturbed. Fig 4.1B shows similar trend for immersion in water (hydrothermal 
conditioning) even after 120 days of immersion.  
The higher moisture gain with increasing periods of hygrothermal/hydrothermal 
exposures  is due to the enhanced rate of moisture pick up by the epoxy polymer; since 
epoxy resin is prone to moisture absorption due to the presence of –OH groups (Fig 2.2, 
Section 2.2.3, Chapter-2) which can attract polar water molecules by hydrogen bonding 
[20]. This is true for an exposure to plane/distilled water or to an atmosphere laden with 
moisture i.e. under hygrothermal as well as hydrothermal exposures. The environment 
associated with hygrothermal conditioning is laden with moisture. Here the moisture is 
present in the molecular state, the groups of molecules being linked by hydrogen bonds to 
the polymer [58]. Hence, the permeation of moisture in to the composite body is easier in 
hygrothermal process and the ingress is said to be more. The higher extents of moisture 
ingression in the case of hygrothermally treated samples may also be due to the dynamic 
interface between the ambience and the composite body.  
Initially, the moisture absorption is concentration dependent and obeys Fick’s 2nd 
Law.  Here, the absorption of moisture is a function of time of exposure, concentration 
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gradient and conditions of exposure (moisture laden atmosphere or static interface with 
water) and temperature. The process of moisture ingression is somewhat accelerated due 
to the action of some driving force like heat energy (hygrothermal – 60oC; Hydrothermal- 
65
o
C) associated with absorption, diffusion and permeation; all these phenomena being 
gradient driven [41].  
 With the lapse of time when further moisture ingression takes place, the composite 
material behaves differently. As a consequence the glass transition temperature (Tg) 
changes promoting reduction of modulus. This is known as plasticization [74]. 
Plasticization may cause swelling [75] and result in severe hydrolysis [76] in the epoxy 
polymer, causing huge moisture ingression at later stages of hygrothermal 
conditioning/hydrothermal immersion.  
Therefore, the huge increase in moisture ingression at the later stages of both 
hygrothermal and hydrothermal exposures indicating Non-Fickian nature of diffusion 
process could ameliorate the cause of deterioration in the composite material and this 
depends upon the relative rates at which polymer structure and property changes. In such 
situations, the concentration gradient rate decreases with the ingress of more and more 
moisture. Here, the moisture absorption is anomalous, can’t be explained by Fick’s Law 
and is thus Non-Fickian. This is attributed to the creation of some defects like 
microcracks, delamination, debonding between fibre and polymeric matrix as a result of 
swelling of the matrix and also due to a variation of absorption behaviour by alternation 
in Tg values.  
 Fig 4.2A illustrates the variation of ILSS of composite samples with increasing 
durations of hygrothermal conditioning. As evident from the diagram, hygrothermal 
conditioning causes 17% reduction in ILSS after 45 days of exposure and 24% after 90 
days of the conditioning period. The continuous decrease in ILSS with increasing 
durations of exposure establishes the fact that prolonged hygrothermal conditioning cause 
greater mechanical degradation by resulting in the creation of cracks, voids in the epoxy 
polymer assisting further moisture uptake and delaying its saturation level [41]. This is 
clear from Fig 4.2B which indicates a decrease of ILSS values up to about 23% after 120 
days of immersion in distilled water. The plots pertaining to Fig 4.3A and Fig 4.3B show 
the decrease of ILSS with increased moisture gain during hygrothermal and hydrothermal 
exposures.  
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 It is interesting to note that, the continuous decrease in ILSS is due to the 
plasticization of the polymer matrix by continuous moisture absorption promoting break 
down of chemical bonds between polymer and fibre and/or secondary forces of attraction 
at the interfaces. In the present work, time and temperature have significant synergetic 
effect on inter laminar shear property of the composite body. With increasing time of 
exposure the laminar strength decreases up to a significant extent.  Similar Results were 
reported by Shivkumar et al. [70]; the ILSS of GFRP composite decreasing with 
increasing time and temperature of hygrothermal atmosphere. Also, the results reported 
by Kim et al. [54] are in agreement with the present trend; the tensile strength of E-glass 
fibre/vinyl ester composite decreasing with increasing hydrothermal immersion period 
and with increasing temperature compared to as-cured samples.  
 As evident from Fig 4.5A, the composite samples require lesser amount of stress 
values for failure with increased hygrothermal conditioning periods. Subsequently the 
strain at rupture values also assumes lower proportions. Stress at rupture for 90 days 
hygrothermal conditioning decreases by 21% of that for the as-cured sample. As 
described elsewhere, the continuous decrease in ILSS reveal the deterioration of the 
composite body, which thus can stand lesser amounts of stress after prolonged 
hydrothermal immersion. As a consequence strain at rupture values decrease severely, 
affecting the tolerance limit of the composite. Similar trends are observed when the 
composite samples are exposed to hydrothermal conditioning (Fig 4.5B).  
 The thermal expansion mismatch between fibre and polymer is responsible for the 
generation of the residual stress in the overall composite structure [76]. After prolonged 
hygrothermal/hydrothermal exposure, this residual stress in the composite body would not 
allow the composite to accommodate the applied external stress in the way of prohibiting 
such level of straining as being observed for as-cured specimen [162].  
Data pertaining to Fig 4.7A show the variations in Modulus of the composite 
samples with respect to different hygrothermal conditioning periods. Around 6 % 
decrease in modulus is observed after 90 days of hygrothermal conditioning. About 9% 
decrease in modulus is recorded after immersion in distilled water for 120 days under 
hydrothermal conditioing. Modulus values are observed to decrease with an initial 
increment with increasing hygrothermal conditioning period. This trend is also visible in 
case of hydrothermally treated samples (Fig 4.7B). The initial increase in modulus may be 
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attributed to the creation of better contact area between fibre and matrix due to weakening 
of hilly structure of Silane coupling agent of glass fibre. This may happen due to initial 
small quantities of moisture absorption, which in turn may effectively decrease the 
attachment of Siloxane layer from glass fibre [40].  
 The results pertaining to decreasing trend in modulus is in agreement with the 
corresponding ILSS results of hygrothermally and hydrothermally treated samples. The 
polymeric matrix during the concerned treatments is affected by plasticization reducing 
the modulus and glass transition temperature values. Modulus of layered FRP composites 
is analogous to the perfect fibre/matrix interfacial adhesion and of course rigidity of 
polymer structure, which in turn could to have a better elastic limit during mechanical 
loading. The stress and strain variations indicating decreasing stress and straining amount 
with respect to increasing exposure period authenticates the modulus result by 
establishing a decreasing trend in elastic limit after prolonged hygrothermal and 
hydrothermal treatments. The higher extents of moisture ingression as a result of 
increasing periods of hygrothermal and hydrothermal treatments causes mechanical 
degradation in the composite structure by several ways (lowering of glass transition 
temperature, creation of differential strain, decrease of modulus, fibre-matrix debonding 
etc.), as described elsewhere (Chapter-2, Section 2.2.5 and 2.3.3).  
 Fig 4.8A and Fig 4.8B show the DSC curves for hygrothermally and 
hydrothermally treated composite samples, respectively. The samples with extreme 
conditions of both hygrothermal and hydrothermal treatments are chosen on the basis of 
time of exposure (15, 60 and 90 days for hygrothermal conditioning while 20, 80 and 120 
days for hydrothermal immersion). The onset and midpoint values of the glass transition 
temperature (Tg) as recorded from the DSC curves of the above representative samples 
are tabulated (Table 4.1A and Table 4.1B) and illustrated in Fig 4.9A and Fig 4.9B.  
 The Tg values are found to decrease with increasing period of hygrothermal and 
hydrothermal exposures. About 18% reduction in Tg is observed after 90 days of 
hygrothermal conditioning. About 17% reduction in Tg is observed after 120 days of 
hydrothermal immersion of the composite specimens. Tg of polymeric materials depends 
on the extent of cross-linking density [163]. Due to imperfect curing/cross-linking of the 
polymer, some voids could have been created in the polymer. These voids, referred as 
free volume, approximately occupy 1/40
th
 of total polymer volume at/below glass 
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transition temperature [37].  The Tg deterioration is affected when the extent of free 
volume/voids increase. Hence, it may be inferred that, on prolonged 
hygrothermal/hydrothermal treatment, polymer matrix could be affected by plasticization 
leading to chain scission/breaking by the action of hygro elastic swelling stress. This may 
lead to increase in internal voids/free volumes in the polymer structure giving rise to early 
glass transition phenomenon [41]. Thus the Tg is deteriorated.  
 We have verified our results concerning the Tg variation using several models as 
proposed by several investigators. The formulae, calculation and comparison between the 
calculated and observed values of Tg are presented below.  
(1) Chamis [47] has suggested an equation pertaining to glass transition temperature as a 
function of percentage of moisture gain.  
     The equation is represented below (mentioned elsewhere, equation-2.6, section 2.2.4.1, 
Chapter-2): 
       gorrgw TMMT 11.0005.0 2                         
      where, rM = percentage of moisture gain as a result of exposure 
                  goT = glass transition temperature at the reference condition (as-cured)  
                  gwT = glass transition temperature for ‘wet’ matrix material  
                          at the moisture content rM  
 
In retrospection to the above equation, Tgw for 90 days of hygrothermally 
conditioned sample is found to be 101.51
0
C taking rM as 1.682 while gwT  for 120 days of 
hydrothermally immersed sample to be 101.91 taking rM as 1.641. The Tg for as-cured 
specimen is considered as goT to be 120
0
C.  This result is in well agreement with the 
experimental result for hygrothermally/hydrothermally treated samples. In the present 
work, after prolonged hygrothermal conditioning, the extent of decrease in Tg is little bit 
more as calculated using equation-2.6. The deviation between the observed and the 
calculated values using the model is found to be 3.48% for hygrothermal conditioning and 
1.16% for hydrothermal immersion. There exhibit very small deviations between 
observed and calculated values.  
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(2) It is reported [164] that water, as the plasticizing agent can lower the Tg up to 20
0
C with 
each 1% moisture pick up. Bouche-Kelly theory [165] provides an equation describing 
the variation of Tg with co-efficient of moisture expansion (CME) of polymer and fibre.  
The equation is represented below 
       
fffr
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
)1(
)1(
            (4.1) 
         where r = co-efficient of moisture expansion for resin (polymer) 
                   f = co-efficient of moisture expansion for fibre 
                    fV = volume fraction of fibre 
                  QrT = glass transition temperature for as-cured resin  
                  QfT = glass transition temperature for fibre  
 
           Prabhakaran et al. [166] have reported the CME for glass fibre as 0.054. In the 
present work, CME for epoxy polymer is determined by conducting an experiment. A 
piece of cured epoxy resin is immersed in distilled water to reach the moisture gain up to 
saturation. The saturation is attained after 1 year and the CME is calculated to be 42.8 by 
taking saturated moisture gain data.  
Thus in the present work,  r is taken to be 42.8, f as 0.054, fV as 0.5, QrT as 
120
0
C and QfT as 830
0
C (softening temperature of Boron plus E-glass fibre [167]) and 
using equation(4.1) Tg is calculated to be 117
0
C.The present experimental work reports 
the Tg after 90 days of hygrothermal conditioning to be 98.08
0
C and after 120 days of 
hydrothermal immersion to be 100.73
0
C.  The deviation between observed and calculated 
is seen to be 16.27%.   
The above result is also in good agreement with the data obtained for 
hydrothermally immersed sample by adopting experimental procedures.  
The deviation in the two (observed and calculated) values may be due to the following: 
(i) The effect of the elevated temperature of immersion, which causes a non-Fickian 
nature of moisture absorption leading to more irreversible damage induced 
phenomenon.  
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(ii) Higher temperature of immersion would have caused moisture penetration at the 
interface in great extent resulting contribution of more free volumes of 
mesoscopic origin assisting reduction of glass transition temperature [41].  
The details of calculation, observation and deviation are presented in Table 4.2.  
TABLE 4.2: Comparison of Glass transition temperatures (Tg) between observed and calculated 
values from models 
 
Sl 
No. 
Proposed 
Model 
Tg Calculated 
Hygrothermal 
(
0
C) 
Tg Calculated 
Hydrothermal 
(
0
C) 
Tg Observed  
Hygrothermal 
(
0
C) 
Tg Observed 
Hydrothermal 
(
0
C) 
% Deviation 
for 
Hygrothermal 
% Deviation 
for 
Hydrothermal 
1 Chamis 
[47] 
101.51 101.91 98.08 100.73 3.48 1.17 
2 Bouche 
& Kelly 
[165] 
117 117 98.08 100.73 19.29 16.27 
 
Chamis and Sinclair [48] presented an equation pertaining to matrix property 
retention ratio, which can be defined as the ratio between matrix property after and before 
hydro/hygrothermal exposure. The model takes the Tg in to consideration and thus the 
depression in Tg may be considered to be a consequence of this matrix property retention 
ratio.  
 The equation is represented as follows: (equation-2.7, section 2.2.4.1, Chapter-2) 
               
5.0











ogo
gw
O
M
TT
TT
P
P
F                               
      where,  MF = matrix property retention ratio 
                  P = matrix property after hydrothermal/hygrothermal exposure 
                  OP = reference matrix property prior to hydrothermal/hygrothermal exposure 
                  T = temperature of hydrothermal/hygrothermal exposure  
                        at which P is to be predicted 
                 goT = glass transition temperature at the reference condition (as-cured) 
                 gwT = glass transition temperature for ‘wet’ matrix material  
                         at the moisture content rM (experimented) 
  
Taking the experimental value of gwT as 98.08
0
C (371.08 K) after 90 days of 
hygrothermal conditioning while 100.73 
0
C (373.73 K) after 120 days of hydrothermal 
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immersion; goT as 120
0
C (393 K) for as-cured specimen; T as 60
0
C (333 K) for 
hygrothermal conditioning while 65
0
C (338 K) for hydrothermal immersion and To as 273 
K, MF can be calculated to 0.56 for hygrothermal conditioning and 0.54 for hydrothermal 
immersion.  
In the present case ‘ P ’ = Tg of hygrothermally conditioned sample = 98.08
0
C 
                                       and Tg of hydrothermally immersed sample = 100.73
0
C 
                               ‘ OP ’ = Tg of as-cured sample = 120
0
C 
 
Therefore, the ratio 
alhygrotherm
P
P






0
= 
120
08.98
= 0.81 i.e. 81% is the matrix property   
                                                                  retention ratio after hygrothermal conditioning 
 
                       and   
alhydrotherm
P
P






0
= 
120
73.100
= 0.83  i.e. 83% is the matrix property  
                                                                   retention ratio after hydrothermal immersion 
 
However, the calculated value using the formula (equation-10) yield a ratio of 
0.56 i.e. 56% for hygrothermal conditioning and 0.54 i.e. 54% for hydrothermal 
immersion.The deviation may be due to some experimental errors and/or limitations of 
the proposed formula. The deviations in experimental condition could have resulted in 
differences between present experimental findings and the corresponding values 
calculated on the basis of the equation (equation 2.7).  
 As evident from Fig 4.11A and 4.11B, the SEM Microgarphs for hygrothermally 
and hydrothermally treated fractured specimen show some chief modes of failures like 
fibre breakage, fibre pull out, fibre-matrix debonding,. The cause of failure can be anyone 
or combination of the above. The degrading phenomenon might have caused the 
irreversible damages in the composite body and the prolonged moisture treatment coupled 
with elevated temperature could have affected the polymer matrix to a great extent. 
Hence, fibre pull out, matrix holes are created due to de-adhesion of fibre from matrix 
material. The failure modes are not very clearly illustrated in the SEM fractographic 
images for as-cured sample. 
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4.1.5 Conclusions 
 The investigation establishes that moisture ingression, whether due to 
hygrothermal or hydrothermal exposures is detrimental for the well being of the 
composite material examined. Also, hygrothermal exposure is more effective towards 
deterioration of the properties of the composite. Whether the exposure is hygrothermal or 
hydrothermal, time of exposure also plays an important role towards this end.  
 
 
 
 
 
 
******* 
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4.2 Exposure of GFRP Composites to Thermal Shock after Hygrothermal and 
Hydrothermal Exposures 
4.2.1 Introduction 
 Many practical situations may be encountered under which a GFRP composite, 
during its service life, is exposed to the severities of sudden temperature fluctuations. The 
material, under such conditions is said to have undergone ‘Thermal Shock’. A particular 
example may be found in the aviation industry where an aircraft descends to the ground 
level from a height, the temperature suddenly changing from the cryogenic level to the 
atmospheric temperature. It is only desirable to evaluate the composite under such severe 
ambient conditions to predict its performance and utility. In addition to it if the composite 
has prior exposure to moisture under hydrothermal/hygrothermal conditioning, the 
ingressed moisture plays an important role in influencing the performance of the composite 
under the exposure to thermal shock conditions. The present work is an attempt at 
evaluating the GFRP composite under exposure to thermal shock after 
hydrothermal/hygrothermal conditioning.   
4.2.2 The Present Study 
 Composite specimens after hygrothermal/hydrothermal treatment as presented in 
the previous section (4.1), are exposed to up-thermal shock (-40
0
C in a cryogenic chamber 
for 1, 2, 3, 4 and 5 hours to +50
0
C in an electric oven for 2 hours) and down-thermal shock 
(+50
0
C in an electric oven for 1, 2, 3, 4 and 5 hours to -40
0
C in a cryogenic chamber for 2 
hours). The thermally shocked samples are then transferred to the site of the INSTRON-
1195 machine in an insulated desiccator and put to 3-point bend test for determination of 
ILSS, stress at rupture, strain at rupture and modulus. These results are tabulated (Table 
4.3A, Table 4.3B, Table 4.4A and Table 4.4B) and also diagrammatically presented 
(Figure 4.12A to 4.19A and Figure 4.12B to 4.19B). Low temperature DSC technique is 
adopted to record the glass transition temperature (Tg) of thermally shocked samples. DSC 
experiment is conducted for the representative samples with some extreme conditions of 
hygrothermal/hydrothermal treatment and thermal shock treatment. Fig 4.20A to 4.22A 
represents the DSC curves for hygrothermally treated sample while Fig 4.20B to 4.22B 
denote the same for hydrothermally immersed samples after its exposure to thermal shock. 
Fig 4.23A and Fig 4.23B denote the Tg variations of these samples while Fig 4.24A, Fig 
4.24B, Fig 4.25A and Fig 4.25B represent the SEM fractographs for hygrothermally (15 
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and 90 days) and hydrothermally treated (20 and 120 days) samples with minimum and 
maximum time period of thermal shock treatments.   
4.2.3 Observations 
Data pertaining to ILSS, stress at rupture, strain at rupture, modulus and glass transition 
temperatures (Tg) of the thermally shocked composites samples after 
hygrothermal/hydrothermal conditioning are being represented in Table 4.3A, Table 4.3B, 
Table 4.4 A, Table 4.4B, Table 4.5A and Table 4.5B, respectively.  
The different plots in any diagram pertain to respective periods (in days) of 
exposure of the composite sample to hygrothermal/hydrothermal conditioning. In case of 
up-thermal shock these samples are then exposed for different lengths of periods (in hours) 
to -40
0
C (cryogenic conditioning) followed by exposure to +50
0
C for 2 hours of fixed 
duration. In case of down-thermal shock these samples have an exposures to +50
0
C for 
different lengths of periods followed by an exposure to -40
0
C for a fixed period of 2 hours. 
The periods (in days) of exposure to hygrothermal and hydrothermal conditioning are 
different owing to the fact that moisture ingression rate in case of hygrothermal exposure is 
higher than that in the case of hydrothermal exposure. Keeping the above in mind, the 
maximum time period of exposure to hygrothermal conditioning is kept at 90 days only 
whereas the same for hydrothermal conditioning is fixed at 120 days. This would make the 
property variations a function of time of exposure to hygrothermal/hydrothermal 
conditioning followed by the up-thermal/down-thermal shocks.  
 
 
 
 
 
 
 
 
141 
 
TABLE 4.3A: ILSS, Stress at Rupture, Strain at Rupture, Modulus for Hygrothermally conditioned 
glass fibre/epoxy composites exposed to Up-Thermal Shock* 
Hygrothermal 
conditioning 
in days 
Up-Thermal 
Shock 
ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
-40
0
C 
(hour) 
+50
0
C 
(hour) 
 
 
15 
1 2 23.3 326.3 0.0262  14590  
2 2 23.1 333.7 0.0246 15590 
3 2 23.2 367.6 0.0246 14849 
4 2 21.6 287.1 0.0245 13180 
5 2 20.7 300.1 0.021 12990 
 
 
30 
1 2 23.6 355.2 0.0228 16766 
2 2 22.3 316.9 0.0227 16230 
3 2 23.1 304.5 0.0228 15023 
4   2 22.8 318.4 0.0227 14726 
5 2 21.4 294.8 0.0227 15066 
 
 
45 
1 2 22.9 315.4 0.0225 15150 
2 2 23.6 313.2 0.023 15540 
3 2 23.3 350.1 0.0236 16120 
4   2 21.2 311.5 0.024 15280 
5 2 21.9 288.3 0.0231 14013 
 
 
60 
1 2 22.9 296.1 0.0248 14413 
2 2 23.8 309.8 0.0238 15078 
3 2 22.1 310.6 0.0239 14516 
4   2 21.3 298.6 0.0238 14236 
5 2 21.2 303.4 0.0239 13780 
 
 
75 
1 2 21.4 293.3 0.0232 14512 
2 2 22.4 300.4 0.0223 14603 
3 2 21.4 290.4 0.0227 14696 
4   2 20.9 293.3 0.0231 14148 
5 2 20.4 288.4 0.023 13983 
 
 
90 
1 2 18.0 265.2 0.0216 13320 
2 2 19.2 265.1 0.021 13600 
3 2 18.8 280.2 0.0202 13739 
4   2 18.3 259.3 0.02 13438 
5 2 18.2 257.9 0.0198 12884 
* Error chart is provided in Appendix-2 
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TABLE 4.3B:  ILSS, Stress at Rupture, Strain at Rupture, Modulus for Hydrothermally Immersed 
glass fibre/epoxy composites exposed to Up-Thermal Shock* 
Hydrothermal 
Immersion 
in days 
Up-Thermal 
Shock 
ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
-40
0
C 
(hour) 
+50
0
C 
(hour) 
 
 
20 
1 2 24.9 271.7 0.0260 13096 
2 2 23.9 287.3 0.0277 12112 
3 2 23.7 280.6 0.0286 12165 
4   2 21.9 273.9 0.0283 10985 
5 2 22.2 266.3 0.0289 10693 
 
 
40 
1 2 25.1 335.9 0.0257 15263 
2 2 23.4 327.6 0.0215 15140 
3 2 23.5 330.6 0.0237 15486 
4   2 22.4 324.5 0.0229 16560 
5 2 22.4 305.7 0.0234 13950 
 
 
60 
1 2 21.7 306.1 0.0216 15563 
2 2 22.6 318.2 0.0234 14494 
3 2 22.3 323.7 0.0235 14930 
4   2 21.3 296.4 0.0216 14613 
5 2 20.5 311.3 0.0224 13343 
 
 
80 
1 2 22.4 308.9 0.0217 15306 
2 2 22.4 311.0 0.0221 15230 
3 2 20.2 284.0 0.0204 15776 
4    2 20.7 291.9 0.0218 14390 
5 2 20.4 290.8 0.0217 14382 
 
 
100 
1 2 20.7 285.8 0.0213 14793 
2 2 20.2 281.4 0.0204 14100 
3 2 18.8 285.7 0.0196 15623 
4   2 18.6 267.6 0.0216 13636 
5 2 18.3 257.7 0.0225 12676 
 
 
120 
1 2 18.9 254.7 0.0222 12303 
2 2 17.7 260.5 0.0199 12566 
3 2 17.7 260.2 0.0195 12687 
4   2 16.5 247.8 0.0187 12813 
5 2 17.6 244.4 0.0202 12530 
*Error chart is provided in Appendix-2 
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TABLE 4.4A:  ILSS, Stress at Rupture, Strain at Rupture, Modulus for Hygrothermally 
conditioned glass fibre/epoxy composites exposed to Down-Thermal Shock* 
Hygrothermal 
conditioning 
in days 
Down-Thermal 
Shock 
ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
+50
0
C 
(hour) 
-40
0
C 
(hour) 
 
 
15 
1 2 23.8 319.9 0.0266 14990 
2 2 22.2 392.8 0.0233 14003 
3 2 22.9 297.7 0.0252 15040 
4   2 23.6 295.5 0.025 14056 
5 2 22.0 292.7 0.0249 14073 
 
 
30 
1 2 23.2 328.1 0.0242 13356 
2 2 23.2 320.1 0.0226 15443 
3 2 21.9 316.9 0.0217 15953 
4   2 22.8 316.7 0.0215 15770 
5 2 22.9 315.0 0.0226 15090 
 
 
45 
1 2 23.8 345.7 0.0243 16393 
2 2 22.3 326.2 0.0228 15583 
3 2 23.1 347.9 0.0235 15736 
4   2 23.1 331.6 0.0233 14900 
5 2 21.4 328.4 0.0243 14970 
 
 
60 
1 2 26.0 333.2 0.0273 15128 
2 2 24.5 326.6 0.0246 14876 
3 2 23.6 335.2 0.0267 14536 
4   2 22.5 319.3 0.0242 15220 
5 2 22.6 319.9 0.0272 13583 
 
 
75 
1 2 25.2 300.2 0.0264 14890 
2 2 24.9 307.9 0.0263 14460 
3 2 24.8 305.6 0.0244 14157 
4   2 24.0 309.4 0.0253 14561 
5 2 23.2 297.5 0.0242 14197 
 
 
90 
1 2 20.5 268.5 0.0218 13210 
2 2 19.5 257.9 0.022 12706 
3 2 20.2 270.7 0.0217 13056 
4   2 19.7 269.9 0.0209 14386 
5 2 19.9 274.7 0.0203 13713 
*Error chart is provided in Appendix-2 
144 
 
TABLE 4.4B:  ILSS, Stress at Rupture, Strain at Rupture, Modulus for Hydrothermally Immersed 
glass fibre/epoxy composites exposed to Down-Thermal Shock* 
Hydrothermal 
Immersion 
in days 
Down-Thermal 
Shock 
ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
+50
0
C 
(hour) 
-40
0
C 
(hour) 
 
 
20 
1 2 23.9 282.5 0.0282 12352 
2 2 24.2 286.3 0.0290 11152 
3 2 21.9 287.3 0.0252 12903 
4   2 21.9 293.3 0.0258 12754 
5 2 20.7 276.8 0.0253 12259 
 
 
40 
1 2 24.5 325.8 0.0251 14516 
2 2 22.2 326.9 0.0228 16083 
3 2 22.3 341.9 0.0228 16593 
4   2 22.7 348.7 0.0237 16760 
5 2 21.9 310.5 0.0252 14460 
 
 
60 
1 2 23.7 312.4 0.0221 14980 
2 2 22.9 307.6 0.0223 14723 
3 2 22.6 326.2 0.0227 16093 
4   2 20.2 278.7 0.0222 13906 
5 2 19.8 295.2 0.0223 14360 
 
 
80 
1 2 22.5 296.8 0.0227 14980 
2 2 21.1 288.6 0.0212 14190 
3 2 21.4 297.7 0.0221 14600 
4   2 21.1 281.2 0.0217 14060 
5 2 21.0 283.9 0.0226 13926 
 
 
100 
1 2 20.2 295.0 0.0211 14820 
2 2 19.9 285.8 0.0209 15203 
3 2 20.5 296.3 0.0212 15703 
4   2 21.4 292.3 0.0235 13470 
5 2 20.3 278 0.0221 14113 
 
 
120 
1 2 16.7 243.9 0.0212 12706 
2 2 18.2 247 0.0206 12830 
3 2 17.9 245.8 0.0195 13666 
4   2 18.2 248.5 0.0187 14368 
5 2 18.1 252.7 0.0207 13533 
*Error chart is provided in Appendix-2 
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TABLE 4.5A: Glass Transition Temperature (Tg) for Hygrothermally conditioned glass fibre/epoxy 
composites exposed to Up and Down-Thermal shocks 
Hygrothermal 
conditioning 
in days 
Thermal Shock 
Treatment 
Glass Transition Temperature, 
Tg (
0
C) 
Onset Mid point 
 
 
15 
No-Shock 101.1 101.7 
-40
0
C (1 hr) to +50
0
C (2 hrs) 101.8 102.1 
-40
0
C (5 hrs) to +50
0
C (2 hrs) 100.5 101.1 
+50
0
C (1 hr) to -40
0
C (2 hrs) 101.4  102.1 
+50
0
C (5 hrs) to -40
0
C (2 hrs) 100.6 101.3 
 
 
60 
No-Shock 98.5 99.0 
-40
0
C (1 hr) to +50
0
C (2 hrs) 101.5 101.7 
-40
0
C (5 hr) to +50
0
C (2 hrs) 100.1 100.3 
+50
0
C (1 hr) to -40
0
C (2 hrs) 99.8   101.6 
+50
0
C (5 hrs) to -40
0
C (2 hrs) 98.8 99.2 
 
 
90 
No-Shock 97.9 98.5 
-40
0
C (1 hr) to +50
0
C (2 hrs) 98.0 98.2 
-40
0
C (5 hr) to +50
0
C (2 hrs) 97.7 98.0 
+50
0
C (1 hr) to -40
0
C (2 hrs) 98.4   99.1 
+50
0
C (5 hrs) to -40
0
C (2 hrs) 97.2 97.5 
 
TABLE 4.5B:  Glass Transition Temperature (Tg) for Hydrothermally Immersed glass fibre/epoxy 
composites exposed to Up and Down-Thermal shocks 
Hydrothermal 
Immersion 
in days 
Thermal Shock 
Treatment 
Glass Transition Temperature, 
Tg (
0
C) 
Onset Mid point 
 
 
20 
No-Shock 101.7 104.2 
-40
0
C (1 hr) to +50
0
C (2 hrs) 107.0 111.8 
-40
0
C (5 hrs) to +50
0
C (2 hrs) 99.3 100.1 
+50
0
C (1 hr) to -40
0
C (2 hrs) 100.4   102.1 
+50
0
C (5 hrs) to -40
0
C (2 hrs) 98.2 99.1 
 
 
80 
No-Shock 99.1 100.1 
-40
0
C (1 hr) to +50
0
C (2 hrs) 101.8 103.5 
-40
0
C (5 hr) to +50
0
C (2 hrs) 101.2 102.9 
+50
0
C (1 hr) to -40
0
C (2 hrs) 102.6   104.0 
+50
0
C (5 hrs) to -40
0
C (2 hrs) 101.9 104.7 
 
 
120 
No-Shock 100.7 102.5 
-40
0
C (1 hr) to +50
0
C (2 hrs) 101.4 103.3 
-40
0
C (5 hr) to +50
0
C (2 hrs) 100.8 102.2 
+50
0
C (1 hr) to -40
0
C (2 hrs) 100.6   102.3 
+50
0
C (5 hrs) to -40
0
C (2 hrs) 99.8 101.6 
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ILSS 
(i) The ILSS values for all moisture-treated samples exhibit a zig-zag trend for shorter 
durations of up-thermal as well as down-thermal shock followed by a general 
lowering trend as the duration of thermal shock increases. (Fig 4.12A, Fig 4.12B,     
Fig 4.13A and Fig 4.13B) 
(ii) Least ILSS values are recorded for the samples with maximum period of 
hygrothermal/hydrothermal conditioning under with up-thermal and down-thermal 
shock conditions. (Fig 4.12A, Fig 4.12B, Fig 4.13A and Fig 4.13B 
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            Fig 4.12A : Variation of ILSS for                         Fig 4.12B : Variation of ILSS for 
     hygrothermally treated  sample with                      hydrothermally treated sample with 
    time of exposure of up-thermal shock                time of exposure of up-thermal shock 
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        Fig 4.13A : Variation of ILSS for                        Fig 4.13B : Variation of ILSS for 
      hygrothermally treated  sample with                      hydrothermally treated sample with 
     time of exposure of down-thermal shock           time of exposure of down-thermal shock 
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Stress at Rupture 
(i) Under exposures to up-thermal and down-thermal shocks for shorter durations, 
stress at rupture for all moisture treated samples show a zig-zag trend. (Fig 4.14 A, 
Fig 4.14B, Fig 4.15A and Fig 4.15B) 
(ii) Stress at rupture values for all moisture conditioned samples decrease as the 
duration of up-thermal and down-thermal shock increase. (Fig 4.14 A, Fig 4.14B, 
Fig 4.15A and Fig 4.15B)  
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Fig 4.14A : Variation of Stress at rupture for         Fig 4.14B : Variation of Stress at Rupture for  
    Hygrothermally treated sample with                          hydrothermally treated sample with 
     time of exposure of up-thermal shock                       time of exposure of up-thermal shock 
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Fig 4.15A : Variation of Stress at rupture for         Fig 4.15B : Variation of Stress at Rupture for  
    Hygrothermally treated sample with                          hydrothermally treated sample with 
  time of exposure of down-thermal shock                     time of exposure of down-thermal shock 
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Strain at Rupture 
(i) Strain at rupture for all moisture conditioned samples (except for 20 days 
hydrothermally treated) show a zig-zag variation for lower durations of up-thermal 
and down-thermal shock exposures followed by a general decreasing trend with 
higher durations. (Fig 4.16A, Fig 4.16B, Fig 4.17A and Fig 4.17B) 
(ii) Strain at rupture values increase for the samples treated for shortest period (20 
days) under hydrothermal conditioning with all durations of up-thermal shock. For 
the same sample, under down-thermal shock treatment the strain at rupture values 
show an increase at lower duration and finally decrease with higher durations.   
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Fig 4.16A : Variation of strain at rupture for         Fig 4.16B : Variation of strain at Rupture for 
Hygrothermally treated sample with                          hydrothermally treated sample with 
time of exposure of up-thermal shock                       time of exposure of up-thermal shock 
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Fig 4.17A : Variation of strain at rupture for         Fig 4.17B : Variation of strain at Rupture for 
Hygrothermally treated sample with                          hydrothermally treated sample with 
time of exposure of down-thermal shock                   time of exposure of down-thermal shock 
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Modulus 
(i) Modulus values for all moisture conditioned samples increase with initial durations 
of up-thermal and down-thermal shock treatments.  
(ii) However, modulus values for all moisture treated samples decrease at higher 
durations of up-thermal and down-thermal shock treatments.  
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Fig 4.18A : Variation of modulus for                         Fig 4.18B : Variation of modulus for 
Hygrothermally treated sample with                            hydrothermally treated sample with 
time of exposure of up-thermal shock                       time of exposure of up-thermal shock 
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Fig 4.19A : Variation of modulus for                     Fig 4.19B : Variation of modulus for 
Hygrothermally treated sample with                          hydrothermally treated sample with 
time of exposure of down-thermal shock               time of exposure of down-thermal shock 
 
Glass Transition Temperature (Tg)  
(i) The DSC curves for representative samples are illustrated in Fig 4.20A to Fig 
4.22A and Fig 4.20B to 4.20B. 
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(ii) The treatment of samples (hydrothermal/hygrothermal) for longer periods exhibit 
lower Tg values for higher durations of up-thermal shock as compared to shorter 
durations. Similar trends are observed under down-thermal shock conditioning.   
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Fig 4.20A: DSC Curves for 15 days                       Fig 4.20B: DSC Curves for 20 days 
hygrothermally treated sample subject to                 hydrothermally immersed sample subject to 
thermal shock treatments                                      thermal shock treatments 
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Fig 4.21A: DSC Curves for 60 days                 Fig 4.21B: DSC Curves for 80 days 
hygrothermally treated sample subject to                 hydrothermally immersed sample subject to 
thermal shock treatments                                      thermal shock treatments 
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Fig 4.22A: DSC Curves for 90 days                 Fig 4.22B: DSC Curves for 120 days 
hygrothermally treated sample subject to                 hydrothermally immersed sample subject to 
thermal shock treatments                                      thermal shock treatments 
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Fig 4.23A: Variation of Tg with                               Fig 4.23B: Variation of Tg with 
thermal shock exposure for                                       thermal shock exposure for 
hygrothermally treated samples                             hydrothermally immersed samples 
 
 
 
SEM Fractographs  
SEM fractographs of Hygrothermally/Hydrothermally conditioned composite specimens 
with concurrent thermal shock reveal that the mode of failure may be  fibre breakage, fibre 
pull-out, fibre/matrix debonding, matrix crazing (cusp formation), matrix cracking etc. (Fig 
4.24A, Fig 4.24B, Fig 4.25A and Fig 4.25B) 
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Fig 4.24A: SEM fractographs for 15 days of hygrothermally treated samples (a) up-thermal 
shock  [-40
0
C (1 hour) to +50
0
C (2 hours)] (b) up-thermal shock [-40
0
C (5 hours) to +50
0
C 
(2 hours)]  (c) down-thermal shock [+50
0
C (1 hour) to -40
0
C (2 hours)] (d) down-thermal 
shock [+50
0
C (5 hours) to -40
0
C (2 hours)] 
 
Fig 4.24B: SEM fractographs for 20 days of hydrothermally immersed samples (a) up-
thermal shock [-40
0
C (1 hour) to +50
0
C (2 hours)] (b) up-thermal shock [-40
0
C (5 hours) to 
+50
0
C (2 hours)] (c) down-thermal shock [+50
0
C (1 hour) to -40
0
C (2 hours)] (d) down-
thermal shock [+50
0
C (5 hours) to -40
0
C (2 hours)] 
Matrix  
Crazing 
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Fig 4.25A: SEM fractographs for 90 days of hygrothermally treated samples (a) up-thermal 
shock [-40
0
C (1 hour) to +50
0
C (2 hours)] (b) up-thermal shock [-40
0
C (5 hours) to +50
0
C   
(2 hours)] (c) down-thermal shock [+50
0
C (1 hour) to -40
0
C (2 hours)] (d) down-thermal 
shock [+50
0
C (5 hours) to -40
0
C (2 hours)] 
 
Fig 4.25B: SEM fractographs for 120 days of hydrothermally immersed samples (a) up-
thermal shock [-40
0
C (1 hour) to +50
0
C (2 hours)] (b) up-thermal shock [-40
0
C (5 hours) to 
+50
0
C (2 hours)] (c) down-thermal shock [+50
0
C (1 hour) to -40
0
C (2 hours)] (d) down-
thermal shock [+50
0
C (5 hours) to -40
0
C (2 hours)] 
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4.2.4 Discussion 
 From Fig 4.12A and Fig 4.12B, it is evident that the ILSS values decrease with 
duration of up-thermal shock with the hygrothermal one showing relatively non-
equilibrium (zig-zag) variations which may be due to a non-equilibrium desorption kinetics 
comparable to the moisture absorption kinetics owing to a continuous change of the 
moisture-composite interface.  
 The more or less zig-zag variation in ILSS may be attributed to complex 
deformation behaviour due to local inhomogeneity caused as a consequence of local 
swelling in the matrix and/or matrix/fibre interface. These phenomena are more prominent 
for lower periods of moisture exposures when the time of exposure is not sufficient to 
allow for an average response by the composite body to the cause. The non uniform local 
swelling variations disturb the behaviour of the composite under load and the mechanical 
properties such as ILSS exhibit a zig-zag variation under the resulting complex 
deformation behaviour. As a consequence, there are locations in the composite body which 
response to the ILSS values to greater extents then other locations. This brings in a zig-zag 
effect in the ILSS values.  
 The reason for lowering of ILSS with time of up-thermal shock is many fold i.e., it 
is the combined effect of many factors. The moisture desorption associated with the 
thermal shock may form fine whiskers or inter-connected pores when the composite after 
an initial cryogenic exposure is subjected to +50
0
C under up-thermal shock conditions 
[22]. These outlets result in initiation of residual stresses in the matrix or at the interface, 
which finally bring in a decreasing trend in ILSS values. The elevated temperature (+50
0
C) 
further may generate thermal stresses due to mismatch of thermal expansion co-efficients 
of matrix and fibre [76]. These phenomena may result in decrease in interfacial bond 
strength giving rise to misfit stresses along the interface. Thus, the ILSS decreases 
indicating the deterioration of the mechanical property of the composite.  
 Fig 4.13A and Fig 4.13B exhibit the variation of ILSS of composite samples 
exposed to down-thermal shock after pre exposure to hygrothermal/hydrothermal 
conditioning. Here also the hygrothermally treated sample after an exposure to down-
thermal shock shows a zig-zag variation in ILSS which may be attributed to the non-
equilibrium moisture desorption kinetics. The initial increase and then the 
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decreased/stagnant ILSS values for both previous hygrothermal/hydrothermal exposures 
can be accounted for in many ways.  
 It is interesting to see that for lower periods of exposure to down-thermal shock, the 
ILSS initially increases. This may be due to matrix hardening [74, 168], the duration at -
40
0
C being almost equal to that at +50
0
C. However, with increase of down-thermal shock 
duration the material is exposed to +50
0
C for a longer time (for all durations of down-
thermal shock exposure to -40
0
C is for 2 hours only). This may result in desorption of 
moisture causing formation of fine whiskers or inter-connected pores. This is why the ILSS 
decreases with longer durations of exposure to down-thermal shock. Similar conclusions 
can be made in the case of hydrothermally treated samples also.  
 Thus, under down-thermal shocks the samples with previous exposures to 
hydrothermal conditioning exhibit an increase in ILSS due to matrix hardening. A longer 
exposure, however, gives rise to stress concentrations at likely defect tips, which is 
responsible for nucleation of micro cracks. The stress concentrations at defect tips, on the 
other hand, may be a result of volumetric expansion of water converted to ice when 
exposed to -40
0
C under down-thermal shock. In the case of samples with previous 
hygrothermal treatment, on exposure to down-thermal shock, specially the cryogenic 
conditioning (-40
0
C) during the last stages of the treatment, results in matrix hardening 
initially showing an increase in ILSS values. These samples, however, when exposed to 
longer periods develop compressive residual stresses resulting in reduction of mechanical 
properties. To sum up the cryogenic conditioning at final stages of the thermal shock, 
results in development of complex stresses along the interface. As pointed out by       
Loken et al. [169] and Salin & Sefaris [170], the most commonly observed damage 
phenomena in composites exposed to cryogenic conditioning consist of potholing, 
delamination and micro-cracking.  
 Fig 4.14A, 4.14B, 4.15A and 4.15B exhibit the variation of stress at rupture values 
for samples with pre-exposure to hygrothermal/hydrothermal conditioning under the 
influence of up-thermal and down-thermal shocks respectively. The stress at rupture values 
in general show a decreasing trend with increasing periods of hygrothermal/hydrothermal 
treatments. This may be due to the higher extents of moisture ingression with enhanced 
periods of treatment. Under exposures to up-thermal/down-thermal shocks for shorter 
periods the plots exhibit a zig-zag pattern highlighting the fact that the time of thermal 
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shock as well as the moisture ingression due to hydrothermal/hygrothermal exposures are 
not sufficient to result in an average response of the composite sample to the excitements. 
Under such conditions any local non-uniform swelling only disturbs the behaviour of the 
composite under load. These responses are seen to be similar to the response of the 
composites to the given excitements when the ILSS values are analysed. With the lapse of 
time, however, the stress at rupture values drop since the extent of demoisturisation 
increases with time of thermal shock. This is in line with the findings of Mishra et al. [22] 
who opine that the ILSS of composites is an inverse function of demoisturisation values of 
the composites. Under down-thermal shock, however, when the composite samples are 
exposed to cryogenic (-40
0
C) conditioning, specifically for lower durations, differential 
contraction is caused and the resistance to debonding is increased, increasing the stress at 
rupture values as a consequence of mechanical keying. The lowering of the stress at 
rupture values with increasing periods of exposure may be attributed to higher extents of 
moisture ingression followed by higher periods of exposure to +50
0
C which may cause the 
formation of whiskers or inter-connected pores to facilitate desorption of moisture. Further, 
the higher extents of moisture absorbed would cause swelling of the matrix resulting in 
debonding between the fibre and the matrix thus inhibiting the transfer of load from the 
matrix to the fibre.  
 Fig 4.16A, 4.16B, 4.17A and 4.17B exhibit the strain at rupture for pre 
hygrothermal/hydrothermal conditioned samples with exposure to up-thermal and down-
thermal shock respectively. Like the stress at rupture plots the strain at rupture also exhibit 
a zig-zag variation for lower periods of exposure followed by a general decreasing trend 
with higher periods of exposures. The only exception is in the case of samples treated for 
the shortest period of 20 days under hydrothermal conditioning with up-thermal as well as 
down-thermal shocks. With up-thermal shock the strain at rupture values increase for these 
samples. Hydrothermal conditioning accounts for lower extents of moisture ingression. 
Added to it, in the present case the time of exposure to hydrothermal conditioning is 
minimum. Therefore, the moisture intake is the minimum in the present case. Induced 
moisture affects the performance of GFRP composite adversely being responsible for 
matrix plasticization, chemical degradation, mechanical degradation etc. The matrix 
plasticization accounts for decrease of the matrix modulus, thus the strain at rupture values. 
However, since the moisture intake is minimum, the extent of plasticization is not very 
severe. Since less moisture has entered the composite body the effect of demoisturisation 
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in forming fine whiskers or inter-connected pores is not severe during the last stages of up-
thermal shock when the samples are exposed to +50
0
C and the composite does not get 
degraded to the extent it would have been with higher moisture intake. Therefore, in this 
particular case of hydrothermal conditioning an increase of strain at rupture is recorded. 
For the same case, however, under down-thermal shock treatment the strain at rupture 
values show an increase at lower periods of exposure finally decreasing with higher 
periods of treatment. The initial increase in strain at rupture values may be due to the lower 
amount of moisture intake whereas the decrease in the strain at rupture values could have 
been caused by the interaction of stress concentrations at the defect tips on account of 
volumetric expansion caused due to moisture to ice transformation. The exposure to 
cryogenic conditions (-40
0
C) at the later stages of down-thermal shock conditioning could 
have assisted the same.  
Fig 4.18A, Fig 4.18B, Fig 4.19A and Fig 4.19B show the variation of modulus 
values of moisture treated composite samples with respect to up and down-thermal shock 
treatments. The initial increase in modulus may be attributed to the enhancement of rigidity 
of epoxy polymer during initial stages of up-thermal shock treatment (-40
0
C). However, 
composite samples with maximum period of hygrothermal/hydrothermal conditioning, do 
not assume the initial increase in modulus. This may be due to the occurrence of permanent 
reduction in modulus after prolonged moisture conditioning promoting severe 
plasticization of polymer matrix.  
Modulus values for the moisture conditioned composite samples decrease at higher 
durations of up-thermal and down-thermal shock treatments. The epoxy polymer, during 
higher durations of up-thermal shock, would have suffered a thermo-mechanical 
degradation process [118] causing reduction in modulus values. Moreover, the higher 
durations of up and down-thermal shock treatments would have restricted the free 
movement of some block or segments of polymers as local entity resulting in reduction of 
modulus by several orders [124]. Modulus values assume continuous decreasing trend for 
the samples with minimum periods of moisture conditionings (15 days for hygrothermal 
and 20 days for hydrothermal) with increasing durations of up-thermal shock treatment.  
The Tg variations for the representative moisture conditioned samples with respect 
to optimum durations of up and down-thermal shock are being illustrated in Fig 4.23A and 
Fig 4.23B. The small variations in Tg values for the cases observed may be due to small/no 
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change of free volume resulting from hygrothermal/hydrothermal conditioning followed by 
up and down-thermal shock. Glass transition temperature (Tg) is a function of cross-linking 
density of polymer, affecting free volume. Tg is lowered when the availability of free 
volume is more [37]. Similar effect of absorption during hygrothermal/hydrothermal 
conditioning and concurrent thermal shocks could have caused minor changes in Tg values 
of the composite samples. This result may be due to the fact that the effect of causes of 
failure such as debonding, delamination, chain elongation etc. during both types of thermal 
shock periods are not very different from that when the composite body is exposed to the 
moisture treatment (hygrothermal/hydrothermal) only. 
A minute observation reveals that the Tg values of all 
hygrothermally/hydrothermally conditioned samples under consideration are higher at 
short durations of up-thermal and down-thermal shock treatments. Lesser thermal gradient 
during short durations of up-thermal and down-thermal shock would have caused post-
curing [22] of epoxy matrix. This could have caused an increase of cross-linking density of 
epoxy polymer as a consequence of the decrease of giving rise to Tg enhancements.  
 With higher durations of both types of thermal shock treatments, Tg got depressed 
for all moisture treated samples. This result may be attributed to the creation of more 
swelling stress due to +50
0
C during final stage of up-thermal shock and breaking of the 
brittle polymer due to action of excess cryogenic stress due to -40
0
C during final stage of 
down-thermal shock treatment. Though cryogenic compressive stress is responsible for 
increase of Tg of the polymer [20], the excess amount of same can lower the Tg value up to 
very small extent by volumetric increase of frozen moisture. The frozen moisture may 
sometimes tend to get accommodated in the polymer matrix by creating voids or 
sometimes by breaking up of the chain structure.   
 The SEM micrographs (Fig 4.24A to Fig 4.25B) of the fractured specimens, owing 
to prior hygrothermal/hydrothermal conditioning for optimum periods (15 and 90 days for 
hygrothermal; 20 and 120 days for hydrothermal) followed by up/down-thermal shocks of 
optimum durations, reveal the failure modes like fibre pull-out, fibre breaking, fibre-matrix 
debonding, cusp formation showing crazing of the epoxy matrix, matrix cracking etc. The 
two different moisture conditioning (hygrothermal/hydrothermal) coupled with thermal 
shock treatments owing to minimum and maximum thermal gradient could have been 
responsible for the failure modes causing mechanical degradation in the composite body.  
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4.2.5 Conclusions 
 The experiments conducted and the interpretation of the results clearly indicate that 
thermal shock greatly affects the performance of the composite under study and that the 
effect of thermal shock is influenced by the pre-exposure of the composite to varied 
processes of moisture treatment. Greater time of hydrothermal/hydrothermal exposure may 
further increase the detrimental effects when subjected to thermal shock treatments for 
increasing conditioning periods.  
 
 
 
 
******* 
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4.3 Exposure of GFRP Composites to Sea Water immersion without Thermal Shock 
4.3.1 Introduction 
GFRP composites having excellent corrosion resistance and light weight property 
attract tremendous attention in marine sectors, especially in ship building industry, water 
storage vessels, desalination plants, manufacture of leisure boats etc [81]. The cost of 
installation and maintenance of these composite structures are reportedly lower than that 
of some conventional materials like steel and aluminium [86]. Out of these specific uses, 
the marine ship structures composed of GFRP composite laminates are subjected to 
immersion in sea water for years together necessitating accumulation of experimental data 
in this respect. Polymeric composites during immersion (fully or partly) in sea water may 
lead to mechanical property deterioration by plasticization and swelling of polymer [171]. 
Also, various salt components of the sea water may annihilate the moisture absorption rate 
compromising some properties of the material subjected to sea water immersion [81]. On 
the basis of the above, the long term retention of structure related properties and stability 
under the sea water immersion condition is of significant concern from a prolonged 
service life point of view of these materials. The objective of the work is to gather some 
further information pertaining to the response of GFRP composite subjected to sea water 
immersion for prolonged duration (up to one year).   
4.3.2 The Present Study  
 E-Glass fibre/epoxy laminar composites are immersed in sea water at room 
temperature for one year with two months intervals for each separate batch of samples. 
The percentage of moisture gain is calculated by taking the weight of the samples before 
and after immersion. 3-point bend test with the help of INSTRON-1195 is performed to 
record the load, stress, strain at rupture and the elastic modulus for immersed samples. 
Inter laminar shear strength (ILSS) values are calculated (equation 3.3). Low temperature 
DSC is performed to record glass transition temperature (Tg). The immersed samples are 
subjected to EDS (Energy Dispersive Spectroscopy) analysis to determine the depth of 
penetration of salt components of sea water into the composite body. The results 
pertaining to the above are presented in Table 4.6, Table 4.7 and illustrated in Fig 4.26 to 
4.39. Fractographic images (Fig 4.40) of immersed samples are analysed by using SEM to 
highlight the failure modes.  
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4.3.3 Observations 
Data pertaining to percentage of moisture gain, ILSS, stress at rupture, strain at 
rupture, modulus and glass transition temperature (Tg) of the composite samples after sea 
water immersion are being presented in Table 4.6.  
 
TABLE 4.6: Percentage of Moisture gain, ILSS, Stress at Rupture, Strain at Rupture, Modulus and 
glass transition temperature (Tg) for sea water immersed E-glass fibre/epoxy composites* 
Sea Water 
Immersion 
In months 
Moisture 
gain  
(%) 
ILSS 
(MPa) 
Stress 
at 
Rupture 
(MPa) 
Strain 
at 
Rupture 
Modulus 
(MPa) 
Glass Transition 
Temperature; Tg 
(
0
C) 
Onset Mid-Point 
0 (As-Cured) 0 26.6 345.5 0.03045 14545 120 120 
2 0.98 26.1 322.6 0.03037 12112 66.4 70.4 
4 1.11 25.7 319.8 0.02912 12973 84.6 85.5 
6 1.01 23.7 271.4 0.0266 10832 84.9 86.3 
8 1.03 23.5 278.3 0.0256 10791 84.9 86.1 
10 1.24 23.4 289.9 0.0242 12900 81.4 82.6 
12 1.48 20.5 286.8 0.0242 13715 88.2 90.6 
*Error chart is provided in Appendix-2 
      TABLE 4.7: Depth of penetration of various salt components of sea water during immersion 
Sea Water 
immersion 
In months 
Depth of salt components of sea water ( m ) 
 
K 
 
Na 
 
Ca 
 
Cl 
0 (As-Cured) 0 0 0 0 
2 50 0 0 50 
4 60 0 0 60 
6 120 0 0 120 
8 80 46 200 80 
10 180 60 180 180 
12 200 50 150 200 
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Moisture Gain  
(i) The moisture gain is increased with increase in immersion period. The rate of 
moisture absorption is initially higher followed by flattening and then again 
showing an increasing trend. (Fig 4.26) 
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Fig 4.26: Variation of moisture gain with square root of immersion period 
 
ILSS 
(i) ILSS of composite samples decreases with increase in sea water immersion 
durations. (Fig 4.27) 
(ii) Composite samples show decreasing trend in ILSS with increased moisture content 
on immersion in sea water. (Fig 4.28) 
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Fig 4.27: Variation of ILSS with periods of sea water immersion 
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Fig 4.28: Variation of ILSS with percentage of moisture gain 
Stress and Strain at Rupture 
(i) Stress at rupture decreases with increasing sea water immersion periods. (Fig 4.29) 
(ii) The rate of decrease in stress at rupture increases up to 6 months of sea water 
immersion and then show slight increasing trend. (Fig 4.29)  
(iii) Strain at rupture is found to decrease with increasing sea water immersion periods. 
(Fig 4.29) 
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Fig 4.29: Combined variations of Stress and Strain at rupture with periods of 
immersion 
Modulus 
(i) Modulus values of sea water immersed composite samples are found to decrease 
compared to that for as-cured samples. (Fig 4.30) 
(ii) The rate of decrease in modulus increases up to 8 months of sea water immersion 
period and then show an increasing trend. (Fig 4.30) 
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Fig 4.30: Variation of modulus with periods of sea water immersion 
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Glass Transition Temperature (Tg) 
(i) DSC curves of sea water immersed samples are illustrated in Fig 4.31.  
(ii) Tg values of sea water immersed samples assume lower values compared to that 
for as-cured samples. (Fig 4.32) 
(iii) Lowest Tg values are recorded for the samples after 2 months of sea water 
immersion.    Fig 4.32) 
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          Fig 4.31: DSC curves of sea water immersed composite samples 
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         Fig 4.32: Variation of Tg with periods of sea water immersion 
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Depth of Penetration of salt components 
(i) Various salt components penetrated in to the composite body to different depths. 
(Fig 4.33, Fig 4.34, Fig 4.35, Fig 4.36, Fig 4.37 and Fig 4.38) 
(ii) ‘K’ and ‘Cl’ show highest depth of penetration after 1 year of sea water 
immersion. (Fig 4.39) 
(iii) Depth of penetration is found to increase continuously for ‘K’. (Fig 4.39) 
(iv) ‘Ca’ shows instant increase in penetration after 6 months of sea water immersion 
and then decreases. (Fig 4.39) 
(v) ‘Na’ show least depth of penetration. (Fig 4.39) 
 
Fig 4.33: EDS spectra indicating depth of penetration of salt components in to the 
composite body after 2 months of sea water immersion 
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Fig 4.34: EDS spectra indicating depth of penetration of salt components in to the 
composite body after 4 months of sea water immersion 
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Fig 4.35: EDS spectra indicating depth of penetration of salt components in to the 
composite body after 6 months of sea water immersion 
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Fig 4.36: EDS spectra indicating depth of penetration of salt components in to the 
composite body after 8 months of sea water immersion 
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Fig 4.37: EDS spectra indicating depth of penetration of salt components in to the 
composite body after 10 months of sea water immersion 
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Fig 4.38: EDS spectra indicating depth of penetration of salt components in to the 
composite body after 12 months of sea water immersion 
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Fig 4.39: Depth of penetration of salt components with period of sea water immersion 
SEM Fractographs 
The SEM fractographs (Fig 4.40) of the sea water immersed samples reveal the modes 
failures which can be any or any combinations of the following: pot holing, fibre pull-out, 
matrix crazing, matrix cracking, cusp formation in polymer, fibre breaking, river line mark 
in polymer showing debonding etc.  
 
Fig 4.40: SEM fractographs of sea water immersed samples (a) 2 months (b) 4 
months (c) 6 months (d) 8 months (e) 10 months (f) 12 months 
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4.3.4 Discussion 
 The moisture gain as revealed in Fig 4.26 initially increases due to concentration 
driven moisture absorption. In this case, the absorption behaviour is fickian. But, sea water 
ageing of FRP composites still remains an uncertain factor [86]. Ingression of pure water 
in to the epoxy polymer is more feasible than that of saline water due to presence of salts 
[7]. A concentration driven osmotic pressure causing moisture ingression in to the 
polymeric composite body is less of a problem in saline solutions than in pure water. The 
bulky nature of various salt components of sea water, with their osmotic effect, influences 
the rate of moisture ingression with time.  
 The flattened trend of moisture gain (after an initial period of immersion) may be 
due to deposition of trace elements on the surface of the composite body. Thus, moisture 
ingression is anomalous owing to the fact that after an initial period of 4 months the 
increasing trend is reversed which may be a result of increasing degree of deposition of 
trace elements with lapse of time.  
 Gallert and Turley [86] opine that the sea water immersion may result in fibre 
related mechanisms for transport of moisture in to the composite body. These mechanisms 
include transport of moisture along the interface and/or continuing diffusion through the 
matrix with accumulation at the fibre-matrix interface. Asbee and Wyatt [7] reported the 
etching of glass fibre surface with water. Prolonged immersion in water can degrade E-
glass fibre due to leaching of alkali oxides (sodium and potassium oxides) by forming 
water skin. This may lead to formation of surface micro-cracks which can act as stress 
concentrators. It is reported [150] that the aggressiveness of leaching process is more 
prominent in case of de-ionized water than that of plane or sea water. Hence, after 
prolonged immersion in sea water (8 months), the leaching of glass fibre would have got 
enhanced and then the moisture absorption rate could have increased rapidly portraying 
non-Fickian behavior.   
 The variation of ILSS with respect to period of immersion in sea water is illustrated 
in Fig 4.27. ILSS decreases with increased periods of sea water immersion. The 
continuous decrease of ILSS may be attributed to the exchange of hydroxyl groups among 
the neighboring epoxy chains as a consequence of moisture ingression [95]. This may lead 
to breaking of organic bonds in the polymer network resulting in segmentation of epoxy 
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chain structure. In addition to this, prolonged sea water immersion is likely to cause 
mechanical property deterioration concomitant to plasticization and swelling. This may 
lead to interfacial debonding assisting further moisture uptake. The present findings are in 
well agreement with the work of B. Wei [93]. As reported by B. Wei, the bending strength 
as well as the tensile strength of glass fibre/epoxy composite continuously decreased with 
increased immersion period in sea water.  
 Fig 4.28 illustrates the variation of ILSS with percentage of moisture gain. In the 
initial period (up to 8 months), the variation of ILSS with percentage of moisture gain 
exhibits a non-equilibrium zig-zag trend. This may be due to a complex deformation 
behavior as a consequence of local swelling in the matrix and/or matrix/fibre interface 
when the absorbed moisture forces apart the polymer micro-molecules causing an 
expansion of the glass fibre reinforced composites. Probably, the initial time periods of 
immersion are not sufficient to bring about a more or less average response to the external 
stimulation. In general, composite samples show a decreasing trend in ILSS with 
increased moisture intake, there being a 10% reduction in ILSS after 6 months of 
immersion followed by 23% reduction after 1 year of immersion. 
 The combined variations of stress and strain at rupture with different periods of 
immersion in sea water are illustrated in Fig 4.29. Both stress and strain at rupture 
decreased with increased periods of immersion in sea water. Up to 4 months of 
immersion, the variations of stress and strain at rupture values show a zig-zag trend. The 
initial decrease after 2 months of immersion may be attributed to the non-homogeneous 
distribution of water in the composites. During this period, the water distribution in the 
glass/epoxy composite would not have reached equilibrium. This is likely to create 
localized stresses which act as regions of defect leading to lower strength. The inconsistent 
deviation in the strength property is likely to be due to localized defects. Stress at rupture 
reduces to 21% of that for as-cured sample after 6 months of sea water immersion and 
16% after 1 year. Similarly, the strain at rupture values decrease 12% after 6 months and 
20% after 1 year of immersion. The prolonged sea water immersion causes damages in the 
composite material due to plasticization and swelling [83] which reduce the stress and 
strain values at failure. The tolerance capacity of the composite is severely affected and 
the strains at rupture values are reduced.  
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 Fig 4.30 shows the variation of elastic modulus with respect to period of sea water 
immersion. The modulus decreases for the first 2 months of immersion then increases 
slightly and again decreases reaching the minimum value after 6/8 months of immersion, 
when it is about decreased by 25%. Then it exhibits an upward trend reaching 5% of 
reduction after lapse of 1 year.  
 The initial reduction in modulus is due to plasticization of the matrix and the ability 
of the matrix molecules to move against each other [2]. However, the increase of the 
modulus in the later stages may be attributed mostly to swelling which improves 
mechanical adhesion between fibre and matrix. These two reversing trends result in 
decrease of the modulus by 5%.  
To sum up the increasing/decreasing trend of modulus may be attributed to a combined 
effect of the following competing phenomena: 
(i) Initial non-homogeneous water distribution creating localized defect 
(ii) Relaxation of residual stress 
(iii)Plasticization resulting in lower modulus and high strain to failure 
(iv) Swelling leading to increase in modulus and lowering of strain to failure 
 The DSC curves of sea water immersed samples are illustrated in Fig 4.31. The 
onset values of Tg are indicated in the graph. Fig 4.32 represents the variation of Tg with 
the duration of immersion. Tg values of sea water immersed samples are lower compared 
to that for as-cured samples, lowest Tg being recorded for the samples after 2 months of 
sea water immersion. Tg of polymeric materials depends on the extent of cross-linking 
density [93]. Due to imperfect curing/cross-linking of the polymer, some voids could have 
been created in the polymer. These voids, referred to as free volume, occupy 1/40
th
 of total 
polymer volume at/below glass transition temperature [34]. Thus, the reason for early 
lowering of glass transition temperature is due to the increase of internal voids/free 
volumes in the epoxy polymer. This could have happened due plasticization and swelling 
as a consequence of moisture ingression.   
 Probably, the bulky nature of various salts present in sea water with their osmotic 
effect [86] promotes the epoxy chain extension by breaking the polymeric network. This 
leads to the creation of free volumes in epoxy resin. This phenomenon is prominent for 
lower period of immersion (2 months). Hence, lowest Tg is recorded for this sample. For 
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higher periods of immersion, however, plasticization and swelling as a result of moisture 
ingression during sea water immersion are reduced due to accumulation of trace elements 
and penetration of various salt components. Thus, Tg increases for the samples immersed 
in sea water for higher periods.    
 Sea water immersion of the GFRP composites at room temperature exhibit a lower 
percentage of moisture ingression as compared to the case when the composite specimens 
are immersed in distilled water (hydrothermal) at an elevated temperature (65
0
C) or 
exposed to moisture laden (hygrothermal) atmosphere. To be precise, in the present 
investigations, hydrothermal treatment resulted in 1.64% of moisture ingression after 4 
months of exposure and hygrothermal treatment accounted for 1.68% moisture pick up 
after 3 months of exposure. However, the moisture pick up by the composite specimens 
immersed in sea water is found to be 1.48% even after an immersion period of 1 year. 
Experimenters [81] opined that this may be a result of the accumulation of different trace 
elements and/or the penetration of the different dissolved salts in sea water in to the 
matrix, obstructing the physical ingression of sea water on account of blocking of the 
fissures and pores in the matrix body which usually allow for the moisture intake. Studies 
have also revealed that micro-organisms present in sea water grow over the epoxy resin 
matrix of the GFRP composite without fouling the resin in anyway [172-174]. This 
growth, thus, physically inhibits the migration of –OH group in to the composite body 
causing a lower moisture ingression when the specimens are immersed in sea water.  
 The EDS spectra (Fig 4.33 to Fig 4.38) illustrate that different dissolved salts in the 
sea water penetrate the composite body to different depths. Fig 4.39 represents the 
variation of depth of penetration of various salt components with sea water immersion 
period. As revealed from the plot (Fig 4.39), ‘K’ salts exhibit the highest rate of 
penetration and penetrate to the highest depth, while ‘Ca’ shows a low rate of penetration 
initially which gets climbs up suddenly after about six months of exposure followed by 
somewhat lowering in latter stages. ‘Na’ salt shows the slowest rate of penetration and 
penetrates to the least extent.  
 The highest rate of penetration along with the highest depth of penetration of the ‘K’ 
salt may be due to the fact that ‘K’ has higher room temperature ionic mobility compared 
to ‘Ca’. During sea water immersion at room temperature, the static nature of sea water is 
not likely to cause the growth of calcareous micro-organisms for slowing the rate of 
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penetration of ‘Ca’ initially. This process is a slow process and takes some time for 
appreciable growth of the micro organisms. Later on, when the catalytic effect [175] takes 
over, i.e., when the precursor in the epoxy matrix is chlorinated with the formation of 
Ca(OH)2, the resultant catalytic effect related to the amine-based cross linkers weakens 
and Ca ion penetration climbs up. However, after a somewhat saturation is arrived at, 
there is a general lowering of the rate of penetration.  
 The penetration of salts in to the epoxy resin is governed by two factors, viz.- 
growth of micro organisms and the catalytic effect.  
Growth of Micro-organisms 
          Sea water contains different salts such as NaCl, KCl, CaCl2 and MgCl2. The 
conditions of growth of micro-organisms on different ions of these salts is favorable in the 
order Ca > Mg > K > Na [174, 176]. These ions, therefore, infiltrate to different extents 
into the matrix of the composite specimens, being helped by the growth of the micro-
organisms in the order mentioned above. This infiltration, therefore, is in the order         
Ca > Mg > K > Na, i.e. Ca ion has the highest and Na ion has the lowest penetration. This 
illustrates that Na ions, which have the highest concentration (19,497 ppm) in sea water 
[81], would be accumulated on the surface of the specimen and prevent further ingression 
of –OH groups inside the matrix laminates of the composite.  
Catalytic effect 
       Different chloride salts dissolved in sea water chlorinate the precursor of epoxy resin 
with the formation of resultant hydroxides [175] donating the chloride ion to the precursor 
and accepting the –OH ion from the water. The catalytic effect of these hydroxides on the 
amine based cross-linkers are in the order of NaOH > KOH > Mg(OH)2 > Ca(OH)2 
resulting in the penetration of Ca(OH)2 to the greatest depths inside the laminates. This 
depth of penetration is in the order Ca > Mg > K > Na. As the Na ion has the least 
penetration in to the laminates, it precipitates as NaCl and remains on the surface of the 
composite body inhibiting further transport of –OH group. This is supported by the work 
of Miller et al. [175] who proposed, basing on their test results, that there was no 
significant NaCl diffusion within the composite sample as verified by the EDS analysis.  
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 The SEM fractographs (Fig 4.40) of the sea water immersed samples revealed some 
chief mode of failures. The mode of failures can be any combinations of the following: pot 
holing, fibre pull-out, matrix crazing, matrix cracking, cusp formation in polymer, fibre 
breaking, river line mark in polymer showing fibre-matrix debonding etc.  
4.3.5 Conclusions 
 Sea water ingression in to the composite body increases with period of immersion, 
despite the fact that the presence of penetrated salts bodily obstruct moisture ingression. 
Mechanical properties exhibit a general decreasing trend of deterioration with the increase 
of immersion period. Depth of penetration is highest for ‘K’ and lowest for ‘Na’ after 1 
year of sea water immersion. The Tg values of the immersed samples decreased in general, 
as a consequence of moisture ingression.  
 
 
 
 
 
 
 
 
 
******* 
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4.4 Exposure of GFRP Composites to Thermal Shock after Sea Water Immersion 
4.4.1 Introduction 
 GFRP composites have gained tremendous attention in various marine applications 
like offshore pipes, ship structures, water storage vessels etc. [89]. These components are 
supposed to meet fluctuating thermal conditions (thermal shock) during their use; 
specially, if there is a sharp change in temperature due to high speed collision or during 
weather change, change of temperature from one particular sea location to other during 
immersion period or simply due to a lightening in a rainy day. In such cases, thermal 
stresses due to temperature fluctuations concentrated around the defect tips across 
fibre/matrix interface would be catastrophic [83]. Added to it, temperature fluctuations 
from elevated to sub-ambient temperatures or vice-versa may influence the moisture 
desorption kinetics as well as the relaxation process in the matrix body [22]. Sometimes, 
huge thermal stresses due to higher thermal gradient may create irreversible mechanical 
degradation in the composite body. It is therefore, only pertinent that some durability data 
of GFRP composites with prolonged sea water immersion and concurrent thermal shocks 
be made available. The present study aims at evaluating the performance of the GFRP 
composite immersed in sea water for different lengths of periods when exposed to up and 
down thermal shocks.  
 
4.4.2 The Present Study  
 Composite specimens, after sea water immersion for varied periods ranging from 2 
months to 1 year, are exposed to both up-thermal shock (-40
0
C in a cryogenic chamber for 
1, 2, 3, 4 and 5 hours to +50
0
C in an electric oven for 2 hours) and down-thermal shock 
(+50
0
C in an electric oven for 1, 2, 3, 4 and 5 hours to -40
0
C in a cryogenic chamber for 2 
hours). The thermally shocked samples are then transferred to the site of the INSTRON-
1195 machine in an insulated desiccator and put to 3-point bend test for determination of 
ILSS, stress at rupture, strain at rupture and modulus. These results are listed (Table 4.8 
and Table 4.9) and also diagrammatically illustrated (Fig 4.37 to Fig 4.44). Low 
temperature DSC technique is adopted to record the glass transition temperature (Tg) of 
these samples. The DSC is conducted for the representative samples only with optimum 
periods of sea water immersion and optimum durations of thermal shock treatments. Fig 
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4.45 represents the DSC curves for sea water immersed sample subjected to optimum 
durations of up-thermal and down-thermal shock treatments. Fig 4.46 denotes the Tg 
variations for all representative thermally shocked specimens with prior sea water 
immersion. Fig 4.47 and Fig 4.48 represent the SEM fractographs for sea water immersed 
(2 and 12 months) samples with minimum and maximum durations of thermal shock 
treatments.   
4.4.3 Observations 
Data pertaining to ILSS, stress at rupture, strain at rupture, modulus and glass transition 
temperatures (Tg) of the thermally shocked composites samples after sea water immersion 
are represented in Table 4.8 and Table 4.9.  
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TABLE 4.8:  ILSS, Stress at Rupture, Strain at Rupture, Modulus and glass transition temperatures 
(Tg) for Sea Water immersed glass fibre/epoxy composites exposed to Up-Thermal Shock** 
Sea Water 
immersion in 
Months 
Up-Thermal 
Shock 
ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
Glass 
Transition 
Temperature 
Tg 
o
C 
-40
0
C 
(hour) 
+50
0
C 
(hour) 
onset Mid 
point 
 
 
2 
1 2 26.9 345.4 0.0299 13053 75.7* 81.8 
2 2 25.6 316.1 0.0283 12337  
3 2 25.9 329.1 0.0294 13265 
4   2 25.9 323.9 0.0252 14590 
5 2 25.5 313.5 0.0259 14403 81.8* 83.0 
 
 
4 
1 2 26.3 332.7 0.0293 13533 85.3* 85.9 
2 2 26.2 343.6 0.0278 14127  
3 2 26.7 333.7 0.0287 12797 
4  2 25.5 326.9 0.0274 13247 
5 2 24.7 316.2 0.0263 14750 85.6* 86.0 
 
 
6 
1 2 25.0 305.9 0.0269 12125 84.4* 86.3 
2 2 25.4 300.3 0.0281 11695  
3 2 23.0 291.5 0.0272 12042 
4   2 23.9 299.9 0.0278 13295 
5 2 22.8 279.9 0.0251 12275 84.9* 85.6 
 
 
8 
1 2 24.0 287.9 0.0262 11462 85.7* 86.4 
2 2 26.3 307.6 0.0276 12615  
3 2 23.3 286.4 0.0256 12167 
4 2 23.3 280.6 0.0255 11580 
5 2 23.5 296.1 0.0247 12407 86.2* 86.7 
 
 
10 
1 2 23.1 293.2 0.0252 11665 75.2* 76.7 
2 2 22.1 268.3 0.0239 10881  
3 2 22.3 270.2 0.0242 12372 
4   2 20.9 252.9 0.023 10972 
5 2 22.5 255.8 0.0228 11587 80.9* 81.9 
 
 
12 
1 2 20.9 300.6 0.0247 13235 86.3* 87.1 
2 2 21.8 261.0 0.0247 13577  
3 2 21.8 275.2 0.0238 13883 
4   2 20.1 270.3 0.0235 14017 
5 2 20.3 260.2 0.0227 14400 87.7* 88.5 
 
 
 
 
 
 
 
 
* Low temperature DSC is conducted for representative samples alone. 
** Error chart is provided in Appendix-2 
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TABLE 4.9:  ILSS, Stress at Rupture, Strain at Rupture, Modulus and glass transition temperatures 
(Tg) for Sea Water immersed glass fibre/epoxy composites exposed to Down-Thermal Shock** 
Sea Water 
immersion 
in Months 
Down-Thermal 
Shock 
ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
Glass 
Transition 
Temperature 
Tg 
o
C +50
0
C 
(hour) 
-40
0
C 
(hour) 
onset Mid 
point 
 
 
2 
1 2 25.7 307.2 0.0279 12346 80.8* 83.5 
2 2 26.7 339.6 0.0285 13172  
3 2 26.9 324.6 0.0295 12110 
4   2 26.9 330.1 0.0267 12898 
5 2 27.3 317.3 0.0271 13343 83.5* 84.2 
 
 
4 
1 2 24.9 331.1 0.0269 13690 86.3* 87.8 
2 2 25.7 315.1 0.0279 12416  
3 2 26.1 323.2 0.0274 12955 
4  2 26.3 316.5 0.0264 13820 
5 2 25.8 314.3 0.0262 13072 85.2* 86.1 
 
 
6 
1 2 22.9 293.8 0.0253 12273 83.5* 85.2 
2 2 24.1 277.4 0.0269 11670  
3 2 24.6 315.5 0.026 12453 
4   2 23.9 294.0 0.0262 12135 
5 2 25.3 286.6 0.0249 12399 85.4* 86.6 
 
 
8 
1 2 27.0 321.8 0.0254 14720 86.6* 87.4 
2 2 25.4 306.6 0.0261 12192  
3 2 24.8 304.7 0.0266 12560 
4   2 24.8 297.6 0.0243 12325 
5 2 25.0 293.1 0.0239 12202 87.9* 89.0 
 
 
10 
1 2 24.0 292.6 0.026 12180 80.8* 83.5 
2 2 22.5 273.6 0.0249 11932  
3 2 23.4 287.8 0.0257 12262 
4   2 24.3 274.2 0.0248 11632 
5 2 23.8 258.6 0.0243 11737 81.7* 82.1 
 
 
12 
1 2 20.8 278.9 0.0239 13432 88.2* 88.8 
2 2 20.8 276.9 0.0233 13490  
3 2 20.4 289.8 0.0241 13152 
4   2 19.9 266.5 0.0226 13417 
5 2 21.1 263.6 0.0225 13620 88.3* 88.9 
 
 
 
 
 
 
*Low temperature DSC is conducted for representative samples alone. 
** Error chart is provided in Appendix-2 
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ILSS 
(i) ILSS values of all sea water immersed samples with up and down-thermal shocks 
show minor variations with an initial non-equilibrium zig-zag trend. (Fig 4.41 and 
Fig 4.42) 
(ii) ILSS values decrease with increase of immersion period under both up and down-
thermal shocks.  (Fig 4.41 and Fig 4.42) 
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Fig 4.41: Variation of ILSS for sea water immersed samples with time of exposure of             
up-thermal shock 
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Fig 4.42: Variation of ILSS for sea water immersed samples with time of exposure of             
down-thermal shock 
184 
 
Stress at Rupture 
(i) All sea water immersed samples exhibit initial non-equilibrium zig-zag trend in 
stress at rupture values when exposed to either (up/down) of the thermal shock 
conditions. (Fig 4.43 and Fig 4.44) 
(ii) Stress at rupture values for the samples with maximum period of sea water 
immersion (1 year) decrease at higher durations of up-thermal/down-thermal shock 
treatments. (Fig 4.43 and Fig 4.44) 
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Fig 4.43: Variation of Stress at rupture for sea water immersed samples with time of 
exposure of up-thermal shock 
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Fig 4.44: Variation of Stress at rupture for sea water immersed samples with time of 
exposure of down-thermal shock 
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Strain at Rupture 
(i) Strain at rupture values for all sea water immersed samples show initial non-
equilibrium zig-zag trend with up-thermal/down-thermal shock treatments.             
(Fig 4.45 and Fig 4.46)  
(ii) Strain at rupture values decrease for all sea water immersed samples with higher 
duration of up-thermal and down-thermal shock treatments. (Fig 4.45 and Fig 
4.46) 
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Fig 4.45: Variation of Strain at rupture for sea water immersed samples with time of 
exposure of up-thermal shock 
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Fig 4.46: Variation of Strain at rupture for sea water immersed samples with time of 
exposure of down-thermal shock 
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Modulus 
(i) All the samples immersed in sea water show a non-equilibrium zig-zag trend in 
modulus values with initial durations of up-thermal/down-thermal shock 
treatments. (Fig 4.47 and Fig 4.48) 
(ii) Modulus values of all the samples increase at higher durations of up-thermal shock 
treatment. However, minor changes in the modulus values are observed with 
higher durations of down-thermal shock. (Fig 4.47) 
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Fig 4.47: Variation of modulus for sea water immersed samples with time of exposure of      
up-thermal shock 
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Fig 4.48: Variation of modulus for sea water immersed samples with time of exposure of      
down-thermal shock 
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Glass Transition Temperature (Tg)  
(iii) Tg values for all representative samples are found to vary within short ranges, 
except for 2 months immersed composite samples. (Fig 4.50) 
(iv) Composite samples immersed in sea water for 2 months exhibited increase in Tg 
values after thermal shock treatments of both types (up-thermal and down-
thermal). (Fig 4.50).  
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Fig 4.49: DSC Curves of sea water immersed composite samples subject to  
thermal shock treatments 
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Fig 4.50: Variation in Tg values with optimum durations of up and down-thermal shock 
treatments for sea water immersed samples 
 
 
SEM Fractographs  
The fractographs as revealed in Fig 4.51 and 4.52 represent the failure modes associated 
with the fractured composite specimens subject to sea water immersion of optimum 
periods (2 and 12 months) and optimum durations of up-thermal and down-thermal shock 
treatments. 
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Fig 4.51: SEM fractographs for 2 months sea water immersed samples (a) up-thermal shock        
[-400C (1 hour) to +500C (2 hours)] (b) up-thermal shock [-400C (5 hours) to +500C  (2 hours)] 
(c) down-thermal shock [+500C (1 hour) to -400C (2 hours)] (d) down-thermal shock           
[+500C (5 hours) to -400C (2 hours)] 
 
Fig 4.52: SEM fractographs for 1 year sea water immersed samples (a) up-thermal shock             
[-400C (1 hour) to +500C (2 hours)] (b) up-thermal shock [-400C (5 hours) to +500C               
(2 hours)] (c) down-thermal shock [+500C (1 hour) to -400C (2 hours)] (d) down-thermal 
shock [+500C (5 hours) to -400C (2 hours)] 
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4.4.3 Discussion 
 From Fig 4.41 and Fig 4.42, it is evident that the ILSS values of the composite 
samples exhibit non-equilibrium (zig-zag) variations which may be due to a non-
equilibrium moisture desorption kinetics (due to up-thermal and down-thermal shocks) 
during the initial periods of exposure. Even an exposure of the samples for 1 year to sea 
water results in the least moisture gain compared to hygrothermal/hydrothermal exposures 
for shorter durations of 3 months/4 months, respectively.  Thus, sea water immersion at 
room temperature for 1 year is insufficient to bring about an average response by the 
composite body, as a consequence of which locally confined swelling in the matrix or 
matrix/fibre interface causes complex deformation due to local in-homogeneity leading to 
non-equilibrium zig-zag variations in ILSS. The response to sea water immersion, 
therefore, may be due to a non uniform localised swelling, which can disturb the 
mechanical behaviour under load. In addition to this, different locations of the composite 
body response to the ILSS values differently. This may cause a zig-zag effect in the 
response.  
 On immersion of GFRP composites for a prolonged period of 1 year in sea water, 
its mechanical properties deteriorated as evidenced by the drop of ILSS values up to 23% 
(Fig 4.27, Section 4.3). Both up and down thermal shocks are found not to have caused 
any further deterioration in the mechanical behaviour (Fig 4.41 and Fig 4.42). In other 
words, thermal shocks (up and down) have not created any remarkable excitements 
(matrix hardening due to -40
0
C and fine whisker forming by moisture desorption process 
due to +50
0
C [22]) as evidenced from no change in the ILSS values of the immersed 
samples. This signifies that the laminar strength degradation due to prolonged sea water 
immersion is irreversible and is not altered even after thermal shock treatments. Thus, the 
ILSS values of the immersed samples (for a period of 1 year) exhibit minor variations at 
all durations of up and down-thermal shock treatments (Fig 4.41 and Fig 4.42). 
 Fig 4.43 and Fig 4.44 indicate the variations of stress at rupture values. All 
immersed samples show an initial non-equilibrium zig-zag trend in stress at rupture values 
with respect to up-thermal and down-thermal shocks. This may be due to the fact that the 
durations of thermal shock conditions are not sufficient for remarkable changes to occur in 
the samples immersed in sea water for a prolonged period (1 year).  
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Up-thermal and down-thermal shock of higher durations cause decrease in stress at 
rupture values. Larger thermal gradient during higher durations of both up and down-
thermal shocks are responsible for not allowing the accommodation of residual stresses 
generated due to thermal expansion mismatch between the matrix and the fibre. This 
phenomenon becomes more prominent for the samples immersed in sea water for 
prolonged periods (10 and 12 months).  
 Fig 4.45 and Fig 4.46 exhibit the variations of strain at rupture values for all 
immersed samples with exposure to up-thermal and down-thermal shock treatments, 
respectively.  Strain at rupture values also exhibit zig-zag variations initially, with both up 
and down-thermal shock treatments. Then, a general decreasing trend is observed with 
higher periods of the exposures. As explained earlier, higher durations of thermal shock 
treatments with larger thermal gradient are likely to result in thermal expansion mismatch 
creating strain misfit between fibre and matrix. This could have reduced the required strain 
at rupture values of the composite specimens subjected to mechanical loading.  
 The GFRP composite samples after one year of sea water immersion show minor 
decreasing trend in strain at rupture with increasing durations of up/down-thermal shock 
treatments. This is because of the occurrence of irreversible mechanical damages in the 
composite samples due to prolonged sea water immersion. The permanent damage due to 
prolonged sea water immersion is not likely to allow any recovery of the strain property of 
the treated samples during the thermal shock exposures. 
 Fig 4.47 and Fig 4.48 show the variations of modulus of sea water immersed 
composite samples with the exposures to up-thermal and down-thermal shocks. Here also 
the modulus values show an initial non-equilibrium zig-zag trend during both up and 
down thermal shock treatments. The non-equilibrium zig-zag variations in modulus are 
likely to be the effects of localised swelling in the matrix  (in some restricted areas only) 
due to non-homogeneous moisture desorption kinetics during initial durations of thermal 
shock treatments, the initial periods not being sufficient to bring about an average 
response of the composites to the external excitements.   
 The increasing trend in modulus values during higher durations of up-thermal 
shock puts the signature of moisture induced swelling, which finally results in a lowering 
of the strain at failure. This result is well in agreement with the variation of strain at 
rupture values of the immersed samples with up-thermal shock treatment. In the present 
192 
 
case, the increased durations of exposure to -40
0
C under the up-thermal shock treatment, 
enhance the moisture to ice transformation. This process of transformation to ice 
dominates the moisture desorption process due to +50
0
C of duration 2 hours only. Thus, 
swelling of the matrix is caused, which in turn results in increase of modulus values. For 
the samples immersed in sea water for maximum period (1 year), moisture distribution is 
quite homogeneous leading to the resultant overall swelling in the matrix. This may cause 
continuous increase in modulus with increasing durations of up-thermal shock treatment.  
 Modulus values are observed to vary within minor ranges during higher durations 
of down-thermal shock treatment. In the present case, increasing durations of +50
0
C cause 
the formation of fine whiskers/ inter-connected pores. These processes are likely to 
neutralize the effect of freezing of moisture due to exposure to sub-ambient temperature of 
-40
0
C for 2 hours only. This may lead to minor resultant swelling in the matrix. Thus, 
minor variations in modulus values are observed for the immersed samples with 
increasing durations of down-thermal shock treatment.   
 Fig 4.49 represents the DSC curves of the immersed samples after the exposures to 
up-thermal and down-thermal shock treatments for optimum durations. The Tg values are 
plotted for different thermal shock treatments and illustrated in Fig 4.50. The Tg variation 
plot indicates the minimal ranges of variation for all immersed samples (except for 2 
months of immersed one) subject to post thermal shock treatments including both up and 
down-thermal shocks. 
 The samples subjected to 2 months of sea water immersion show remarkable 
variations in Tg values with respect to up and down-thermal shock treatments. The thermal 
stress due to minimum/maximum thermal gradient cause a combined effect pertaining to 
fine whisker formation due to desorption of moisture during +50
0
C and cryogenic 
hardening during -40
0
C [22]. These two competitive phenomena influence the extent of 
free space constituting voids or free volumes in the polymer matrix. In the present case, 
the particular sample, with less absorbed moisture, respond to the above competitive 
phenomena in such a way that the cryogenic hardening dominates over the fine whisker 
formation.  Thus, the free volume decreases with increase of mechanical locking. Hence, 
the Tg for the sample show higher values after the thermal shock treatments for shorter 
duration of sea water immersion.  
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 The immersed samples with immersion period greater than 2 months, however, 
show minor changes in Tg values with negligible fluctuations. Under such conditions the 
higher extents of moisture gain would result in more/less balancing of the effect due to the 
two competitive phenomena (whisker formation and matrix hardening [22]) which is 
responsible for minimal variations of Tg values.   
 The fractographs as revealed in Fig 4.51 and 4.52 represent the failure modes 
associated with the fractured composite specimens subject to sea water immersion of 
extreme periods (2 and 12 months) and optimum (minimum and maximum) durations of 
up-thermal and down-thermal shock treatments. The fractographic images revealed some 
chief mode of failures like fibre pull out, fibre/matrix debonding, cusp formation 
indicating polymer crazing, matrix cracking, fibre breaking etc.  
 Fractographs, in some cases clearly show fibre imprints as a result of debonding of 
fibre from the matrix. The debonded matrix body sometimes show some crazing mark 
(cusp) signifying the stress concentrations for prior failure under load. Fibre breaking 
and matrix cracking are mostly visible in case of the immersed samples subjected to 
maximum durations of up-thermal and down-thermal shocks. During fibre pull-out, fibre 
breaking or matrix cracking can be observed depending on the load sustaining capacity of 
both the components.  
4.4.5 Conclusions 
 Thermal shock treatments to the sea water immersed samples cause initial zig-zag 
trend in mechanical property variation with a general lowering trend for the higher 
durations. Tg values for the thermally shocked samples show small variations. However, 
for the samples immersed for 2 months, Tg values are increased for both up and down-
thermal shocks.    
 
 
****** 
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4.5 Exposure of GFRP Composite Pipe to Flowing of Sea Water  
4.5.1 Introduction 
The demand of non-corrosive pipe systems in desalination industries compelled 
Scientists across the globe to consider GFRP composite pipes on account of its properties 
like high damage tolerance, better corrosion resistance, good structural durability and ease 
of installation [99-103]. The present work is designed to study this aspect. It is found out 
that indeed the GFRP pipes can be a suitable alternative to metallic pipes for transport of 
sea water for desalination purposes. Prolonged exposures to flowing sea water for even a 
year under laboratory conditions did not damage the GFRP composite to any considerable 
extent.  
4.5.2 The Present Study  
 E-glass fibre/epoxy composite pipe is fabricated as mentioned elsewhere (Section-
3.5.2, Chapter-3). Sea water is made to flow inside the cured composite pipe for a total 
period of 1 year (Section-3.8.4, Chapter-3). 50 mm length of the pipe is cut by diamond 
cutter and short beam shear (SBS) specimens are prepared in an interval of 2 months each. 
Moisture gain in this case is not possible to determine. Therefore, in this case the 
percentage of demoisturisation is reported, which is estimated as follows. The cut pipe 
sample after every 2 months is initially weighed and then kept in an oven at 90
0
C for 2 
hours and then weighed. This is repeated till a fixed weight is obtained. In this way the 
loss of moisture (demoisturisation) is estimated which is the loss of weight on heating of 
the cut sample on a percentage basis. The variation of demoisturisation percentage with 
respect to sea water flowing periods is illustrated in Fig 4.53. The SBS specimens are then 
tested in 3-point bending set up of universal testing machine (INSTRON-1195). The 
calculated ILSS (inter laminar shear strength), stress at rupture, strain at rupture and 
modulus values are listed in Table 4.10 and presented in Fig 4.54 to Fig 4.57. Glass 
transition temperature (Tg) for the pipe samples after each 2 months of sea water flowing 
period are determined from the Low temperature DSC (differential scanning calorimetry) 
test. The DSC curves are presented in Fig 4.58. The Tg values are listed in Table 4.10 and 
graphically illustrated in Fig 4.59. The depths of penetration of the various salt 
components of the sea water are investigated by adopting EDS (energy dispersion 
spectroscopy) analysis of the inside wall of the pipe specimens. The EDS figures are 
presented in Fig 4.60 through Fig 4.65. The results pertaining to depths of penetration are 
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listed in Table 4.11 and are illustrated in a line graph (Fig 4.66). SEM fractographs of the 
treated pipe samples are presented in Fig 4.67.  
4.5.3 Observations 
Data pertaining to percentage of moisture gain, ILSS, stress at rupture, strain at 
rupture, modulus and glass transition temperature (Tg) of the composite samples after sea 
water flowing are presented in Table 4.10. The depth of penetrations of various salt 
components of sea water in to the composite body is listed in Table 4.11.  
 
TABLE 4.10: Percentage of Demoisturisation, ILSS, Stress at Rupture, Strain at Rupture, Modulus 
and glass transition temperature (Tg) for E-glass fibre/epoxy composites after flowing of sea water 
for various periods* 
Sea Water 
Flowing 
In months 
Demoisturisation 
 (%) 
ILSS 
(MPa) 
Stress 
at 
Rupture 
(MPa) 
Strain 
at 
Rupture 
Modulus 
(MPa) 
Glass Transition 
Temperature; Tg 
(
0
C) 
Onset Mid-Point 
0 
(As-Cured) 
0 26.6 345.5 0.03045 14545 120 120 
2 1.12 18.5 258.2 0.03232 9331 75.7 75.7 
4 1.19 21.7 264.1 0.03622 9370 84.3 85.4 
6 1.25 22.1 274.7 0.0318 9123 83.5 84.2 
8 1.29 20.1 257.4 0.0314 10015 88.7 90.6 
10 1.32 20.1 288.4 0.0342 10462 81.7 83.0 
12 1.52 20.3 268.8 0.0354 9727 93.3 94.5 
*Error chart is provided in Appendix-2 
TABLE 4.11: Depth of penetration of various salt components of sea water during flowing 
Duration of Sea 
water running 
(Month) 
Depth of penetration of salts ( m ) 
Na K Mg Ca Cl 
2 150 150 150 150 150 
4 150 150 300 300 300 
6 300 300 300 450 450 
8 300 450 450 600 600 
10 300 450 600 600 600 
12 300 450 600 750 750 
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Demoisturisation 
(i) The rate of demoisturisation is initially high. It then decreases and finally picks up 
as shown in the figure. (Fig 4.53) 
(ii) Total demoisturisation after 1 year is seen to be 1.52%. (Fig 4.53)  
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Fig 4.53: Variation of demoisturisation with square root of flowing period 
 
ILSS 
(i) ILSS values of composite samples decrease over the entire period of sea water 
flow. However, the ILSS decreases by 16% for the first six months. For the next 6 
months, i.e. for the period from 6 months to 12 months it decreases by 7% only, 
amounting to a total of 23% decrease after 1 year. This shows that extent of the 
ILSS decrease diminishes with the lapse of time. (Fig 4.54) 
(ii) Increased demoisturisation results in greater decrease in the ILSS values. (Fig 
4.55) 
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Fig 4.54: Variation of ILSS with periods of sea water flowing 
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Stress and Strain at Rupture 
(i) Both stress and strain at rupture values with lapse of time exhibit a zig-zag trend 
with both the final values after the lapse of 12 months showing a minimal variation 
compared to the as-cured value.  (Fig 4.56) 
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Fig 4.56: variations of Stress and Strain at rupture with periods of sea water 
flowing 
Modulus 
(ii) Modulus values decrease for all durations of sea water flowing. (Fig 4.57) 
(iii) However, when compared, the modulus values after 2 months of sea water flow in 
the pipe vary only minimally even after 1 year of sea water flow. (Fig 4.57)  
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Fig 4.57: Variation of modulus with periods of sea water flowing 
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Glass Transition Temperature (Tg) 
(i) Tg values of the samples after sea water flowing show lower values compared to 
that for as-cured samples. (Fig 4.59) 
(ii) Lowest Tg value is recorded for the samples after 2 months of sea water flowing.         
(Fig 4.59) 
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          Fig 4.58: DSC curves of GFRP composite pipe samples after sea water flowing 
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    Fig 4.59: Variation of Tg with period of sea water flowing 
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Depth of Penetration of salt components 
(i) Various salt components penetrated in to the composite body to different depths. 
(Fig 4.60, Fig 4.61, Fig 4.62, Fig 4.63, Fig 4.64 and Fig 4.65) 
(ii) The order of penetration of salt components is Ca > Mg > K > Na.  (Fig 4.66) 
(iii) ‘Ca’ shows highest depth of penetration after 1 year of sea water flowing, while 
‘Na’ shows minimum depth of penetration.  (Fig 4.66) 
 
 
Fig 4.60: EDS spectra indicating depth of penetration of salt components in to the 
composite body after 2 months of sea water flowing 
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Fig 4.61: EDS spectra indicating depth of penetration of salt components in to the 
composite body after 4 months of sea water flowing 
 
Fig 4.62: EDS spectra indicating depth of penetration of salt components in to the 
composite body after 6 months of sea water flowing 
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Fig 4.63: EDS spectra indicating depth of penetration of salt components in to the 
composite body after 8 months of sea water flowing 
 
Fig 4.64: EDS spectra indicating depth of penetration of salt components in to the 
composite body after 10 months of sea water flowing 
203 
 
 
Fig 4.65: EDS spectra indicating depth of penetration of salt components in to the 
composite body after 12 months of sea water flowing 
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Fig 4.66: Depth of penetration of salt components with period of sea water flowing 
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SEM Fractographs 
The SEM fractographs of the GFRP pipe samples after sea water flowing are presented in 
Fig 4.68.  
 
Fig 4.67: SEM fractographs of E-Glass fibre/epoxy composite pipe subjected to sea water 
flowing (a) 2 months (b) 4 months (c) 6 months (d) 8 months (e) 10 month (f) 12 months 
 
4.5.4 Discussion 
 Fig 4.53 illustrates the variation of demoisturisation percentage with square root of 
sea water flowing period. The demoisturisation in the pipe samples indicates the extent of 
moisture gain during sea water flowing. The percentage of demoisturisation is increased 
with increase in sea water flowing period. This signifies the initial increase of moisture 
gain in the GFRP pipe samples. This may be due to the concentration driven moisture 
absorption process indicating  fickian type of moisture absorption during initial period of 
sea water flowing.  
With lapse of time, the extent of demoisturisation shows a slower rate up to 10 
months. Hence, the moisture gain during this period indicates a flattened trend. The saline 
nature of sea water with bulky salt components [86] could not have assisted the rate of 
moisture ingression during the concerned periods (2 to 10 months). The trace elements 
deposited on the inside wall of the GFRP pipe bodily obstruct the ingression of moisture. 
In this case, the concentration driven osmotic pressure could not create such potential 
gradient for showing higher moisture uptake trend.  
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After prolonged sea water flowing period (10 months), glass fibre could have 
undergone leaching of some alkali oxides (Sodium oxide and potassium oxide).   This 
could be responsible for the enhanced rate of moisture gain indicating non-fickian 
moisture absorption. Hence, rate of demoisturisation increases during these final periods 
of exposures. In this case, the leaching induced micro cracks on the fibre surface could 
have resulted in stress concentration which is likely to enhance the rate of moisture 
absorption [95].  
The GFRP pipe samples after one year of sea water flowing shows 1.52% of 
demoisturisation. The moisture gain in the pipe samples in the form of demoisturisation is 
found to be higher than the value (1.48 %) as observed in sea water immersion for a period 
of 1 year (Table 4.10 and Table 4.14). The reasons may be the following: 
(i) Flow pressure induced by sea water with a flow rate of 1 litre/min.  
(ii) Change of composite-sea water interface continuously.   
(iii) Temperature fluctuation (Room temperature to 50-600C) as maintained in 
the experimental set-up.   
Mourad et al. [81] report that temperature can act as one of the driving forces for 
increase of moisture gain during sea water ageing of GFRP composites.  
The variation of ILSS is illustrated in Fig 4.54. The ILSS values of the pipe 
samples decrease over the entire periods of sea water flow. After first 6 months of sea 
water flow, ILSS value decreases to 16% of as-cured sample. This may be due to 
plasticization and swelling of polymer as a consequence of initial concentration driven 
moisture ingression on sea water flowing. This may deteriorate the interfacial adhesion 
initially. 
 For the period from 6 to 12 months, the extent of decrease of ILSS is only 7%, the 
cumulative decrease being 23% only after 1 year. Thus it is evident that after an initial 
decrease the ILSS decreases to lesser extents as time lapses. It can only be concluded, 
therefore, that as time lapses, the decrease of ILSS will be lower and lower. In other 
words, the deterioration of mechanical properties with lapse of time, as a consequence of 
moisture ingression will gradually diminish. The deposited trace elements can bodily 
obstruct the moisture ingression during sea water flowing, for which plasticization and 
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swelling as a consequence of moisture ingression could have been minimized and thus, the 
mechanical properties deteriorate only at a diminishing rate.  
Fig 4.55 represents the variation of ILSS with percentage of demoisturisation i.e. 
the percentage of moisture pick up. The variation in ILSS exhibits a non-equilibrium zig-
zag trend after an initial decrease at a high rate. This may be due to the competition 
between the initial concentration driven high rate of moisture pick up and the subsequent 
decreased rate of moisture pick up as a result of accumulation of trace elements on the 
inside wall, interfering with the osmotic driven moisture ingression [94]. 
With lapse of flowing periods, both stress and strain at rupture show a zig-zag 
trend (Fig 4.56). This may be due to complex deformation behaviour as a consequence of 
local swelling in the matrix. Stress and strain at rupture after 1 year of sea water flow 
show minimal variations compared to that for as-cured specimen though certain deviations 
towards high and low values are noticed during the intermediate periods. Hence, matrix 
toughness is somewhat maintained after the lapse of 1 year as par the as-cured sample, 
irrespective of any fluctuations during the intermediate periods as a result of local 
deformation behaviour which include swelling and plasticization. But, the rate of stress 
and strain at rupture after 1 year of sea water flow is very less. Thus, any increase/decrease 
of stress and strain at rupture and the resulting toughness of the composite are not affected 
much beyond 1 year of sea water flow.  
Fig 4.57 shows the variation of modulus with respect to the periods of sea water 
flow. Modulus values of the composite pipe samples are found decrease with time of sea 
water flow for all periods compared to that for as-cured one. Modulus value decreases up 
to 37% after 6 months of sea water flow and 33% after 1 year. This indicates a recovery in 
modulus up to 4% during the subsequent six months after the initial 6 months of sea water 
flow.  
The lower values of modulus for the GFRP pipe samples after all periods of sea 
water flow may be due to plasticization of the polymer matrix as a consequence of 
moisture ingression. A slight increase in modulus is reported for higher periods (8-12 
months) of sea water flow. This may be due to the swelling of matrix as a consequence of 
increase of strain at failure [81], as evident from the results (Fig 4.56). But, the extent of 
swelling is not as prominent (8-12 months) due to lower rate of increase of strain at 
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failure. Hence, the rate of decrease of modulus slightly diminishes after the initial periods 
of sea water flow.   
Tg values of the GFRP pipe samples decreased with increased periods of sea water 
flow (Fig 4.59). Prolonged sea water flowing inside GFRP pipe could have created free 
volume constituting internal voids, resulting in lowering of Tg values. Sea water flowing 
with the action of flow pressure could have hampered the better confinement of epoxy 
network by chain scission process [83]. The moisture induced plasticization and swelling 
is much prominent during the initial period (2 months) of sea water flow. Concentration 
driven moisture absorption is quite feasible during initial period of sea water flow. Hence, 
the moisture induced plasticization and swelling is much prominent resulting in 
considerable decrease of Tg values for this pipe sample. 
However, on prolonged sea water flowing, the bulky salt component of sea water 
as well as the trace elements deposition on the inside wall of the pipe could have 
intervened with moisture ingression resulting in subsequent lower extents of depression of 
the Tg values.  
As established from EDS studies and presented in Fig 4.66, the depth of 
penetration of the salt components is in the order: Ca > Mg > K > Na. This order more or 
less coincides with the same as obtained for samples immersed in sea water (Fig 4.39). In 
the present case, all the salt components show higher depth of penetrations, as compared 
to sea water immersion. Also the trend of variation in the rate of penetration is different. 
For example in the case of ‘Ca’, the rate of penetration, after the initial periods of sea 
water flow, increases continuously. This may be due to the availability of fresh –OH- ions 
continuously due to the flow of sea water, helping the growth of micro-organisms       
[174, 176]. In addition to this, catalytic effect [175] of hydroxides of amine based cross-
linkers play a similar role, as discussed in the case for sea water immersion. The least 
affinity of ‘Ca’ for chlorinating the precursor and acceptance of –OH group from water 
allows its penetration to higher depths with the resultant increasing rate. Also due to the 
increased ionic mobility of ‘Ca’ at the prevailing high temperature, ‘Ca’ penetration could 
have been affected.  
The EDS spectra (Fig 4.60 to Fig 4.65) indicate the penetration of ‘Mg’ for the 
pipe samples. While ‘Mg’ does not show any penetration for the sea water immersed 
samples, as evident from the negligible weight percent of ‘Mg’ peaks of the EDS spectra 
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(Fig 4.33 to Fig 4.38). This may be due to the fact that, during sea water flowing, the 
micro-organisms get a favourable atmosphere for their growth in the presence of ‘Mg’ 
salts. Also, the temperature fluctuation could have influenced this process. The least and 
low rate of penetration of ‘Na’ has already been explained while discussing the case 
pertaining to sea water immersion of the composite.   
The SEM fractographs of the treated GFRP pipe samples are presented in Fig 4.68. 
The reasons for the mode of failures can be any or any combinations of the: fibre pull-out, 
fibre-matrix debonding, pot holing, fibre breaking etc.  
4.5.5 Conclusions 
 Prolonged flow of sea water in GFRP composite pipe decreases the rate of 
diminishing of mechanical properties. The deposition of trace elements is helpful in this 
regard as it inhibits the moisture absorption process. ‘Ca’ with higher depth of penetration 
does not damage the composite to any greater extent. This is due to the fact that ‘Ca’ has 
no degenerating effect on epoxy resin and on the other hand the glass fibre is already 
saturated with Ca ion.   
 
 
 
 
 
 
 
 
                                                            ******* 
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4.6 Exposure of GFRP Composites to Gamma irradiations of low and high intensity 
doses 
4.6.1 Introduction 
GFRP composites have affirmed the potentiality for their use as the components of 
superconducting magnets of fusion reactors [10-13]. In the construction of such magnets, 
GFRP composites are used as mechanical supports and as electrical and thermal 
insulators. No repairs or replacements of magnets are to be expected over the twenty-five 
years of life time. For such specific uses, the concerned factor lies in the property 
degradation when exposed to irradiation of neutron and/ or gamma radiations. The 
polymer composite must possess strong resistance to nuclear radiation for its use as a 
component material for construction of fusion magnets. Hence, degradation of the 
mechanical strength of GFRP composites as insulators in gamma radiation environment is 
of particular concern. Therefore, the physical and mechanical properties of the polymer 
composite material are evaluated with respect to gamma irradiation of low and high 
intensity doses.    
4.6.2 The present study  
 The hand layed E-glass fibre/epoxy composite samples are exposed to gamma 
irradiations of cumulative doses of both low intensity (10, 20, 30, 40, 50 and 60 kGy) and 
high intensity (0.5, 2.5, 4.5, 6.5, 8.5 and 10.5 MGy) at a constant dose rate of 2 kGy/hour 
at room temperature. The gamma irradiated composite samples are put to 3-point bend test 
in INSTRON-1195 for the determination of ILSS (inter laminar shear strength), stress at 
rupture, strain at rupture and modulus values. ILSS is calculated by using equation (3.3). 
Low temperature DSC (differential scanning calorimetry) is performed to record glass 
transition temperature (Tg) of such samples. These results are presented in Table 4.12 and 
Table 4.13. All these results are graphically illustrated in Fig 4.68 through Fig 4.75. 
Thermo-gravimetric analysis (TGA) is performed for the samples with extreme gamma 
irradiation doses of both low and high intensities. The TGA thermograms are presented in 
Fig 4.76. The activation energy for the thermal decomposition process is calculated from 
the weight loss data by using Broido’s integral method [142]. The initial decomposition 
temperature (IDT) showing 5 % weight loss [126] during thermo-gravimetric test is also 
determined from the TGA thermograms. The results pertaining to activation energy and 
IDT are listed in Table 4.14. The plots pertaining to the variation of IDT as well as 
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activation energy with respect to doses of gamma irradiation under consideration are 
illustrated in Fig 4.77 and 4.80. The gamma irradiated composite samples with minimum 
and maximum doses of both low and high intensities are subjected to Fourier 
transformation infrared radiation (FT-IR) spectroscopy for the study of radiation effects on 
the chemical structure of epoxy matrix. The FTIR spectra of the irradiated composite 
specimens (Fig 4.81) are compared with the as-cured one to facilitate the absence/presence 
of the functional groups under question [126]. The fractured surfaces of the irradiated 
specimens are investigated by FE-SEM to monitor the different failure modes. The SEM 
fractographs are presented in Fig 4.82 and Fig 4.83.   
 
4.6.3 Observations 
Data pertaining to ILSS, stress at rupture, strain at rupture, modulus and glass 
transition temperature (Tg) of the composite samples after gamma irradiation of low and 
high intensity doses are presented in Table 4.12 and Table 4.13. The activation energy for 
thermal decomposition and initial decomposition temperature (IDT) of the representative 
samples are listed in Table 4.14.    
TABLE 4.12: ILSS, Stress at Rupture, Strain at Rupture, Modulus and glass transition temperature 
(Tg) for E-glass fibre/epoxy composites after gamma irradiation of low intensity doses in kGy 
scale* 
Gamma 
irradiation of low 
intensity 
(dose in kGy) 
ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
Glass Transition 
Temperature; Tg (
0
C) 
Onset Mid-Point 
0 (As-Cured) 26.6 345.5 0.03045 14545 120 120 
10 14.3 193.6 0.03085 7388 74.1 75.7 
20 14.9 201.8 0.02995 8038 72.3 73.2 
30 15.9 220 0.0297 8667 70.6 75.6 
40 14.8 205.9 0.02975 8415 70.0 74.5 
50 15.4 204.9 0.0313 7802 68.9 74.4 
60 15.1 196 0.03055 7745 69.6 72.0 
*Error chart is provided in Appendix-2  
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 TABLE 4.13: ILSS, Stress at Rupture, Strain at Rupture, Modulus and glass transition 
temperature (Tg) for E-glass fibre/epoxy composites after gamma irradiation of high intensity 
doses in MGy scale* 
Gamma 
irradiation of 
high intensity 
(dose in MGy) 
ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
Glass Transition 
Temperature; Tg (
0
C) 
Onset Mid-Point 
0 (As-Cured) 26.6 345.55 0.03045 14545 120 120 
0.5 25.48 326.4 0.02473 12353 71.19 75.78 
2.5 26.34 346.4 0.03265 12738 72.56 75.31 
4.5 25.09 355.9 0.0333 13300 70.93 76.50 
6.5 28.35 356.3 0.03542 12817 72.35 74.81 
8.5 28.12 338.1 0.03595 13982 68.70 72.32 
10.5 28.11 354.5 0.03483 12965 71.49 73.31 
*Error chart is provided in Appendix-2  
 
TABLE 4.14: Activation energy for thermal decomposition and initial decomposition 
temperature for the glass fibre/epoxy composite 
Samples  
 
Activation Energy 
(KJ/mole) 
Initial Decomposition 
Temperature; IDT 
(
o
C) 
 As-Cured 32 306.1 
10 kGy 30  300.3 
60 kGy 30  301 
0.5 MGy 31  304.9 
10.5 MGy 30  299.5 
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Colour Change 
The gamma-irradiated composite specimens show colour change from off-white to pale 
yellow for low intensity gamma irradiation doses and to dark yellow for high intensity 
gamma irradiation doses, as illustrated in Fig 4.68. 
 
Fig 4.68:  Colour Changes in glass fibre/epoxy composite specimens (a) as-cured (b) low 
intensity irradiation of dose 60 kGy (c) High intensity irradiation of dose 10.5 MGy 
ILSS 
(i) Under low intensity gamma irradiations, ILSS values decrease with lower doses. 
Then, ILSS values become more/less stable for higher doses. (Fig 4.69)  
(ii) Under higher intensity gamma irradiations, the ILSS decrease slightly for the 
samples with lower dose of radiations. Under this category as the dose increases, 
the ILSS show a slight increasing trend. (Fig 4.69) 
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      Fig 4.69: Variation of ILSS with gamma irradiation doses            
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Stress and Strain at Rupture 
(i) For low intensity gamma irradiation, stress at rupture initially decreases. Then the 
values of stress at rupture remain almost unaltered with higher doses of the 
irradiations.  The values of strain at rupture remain unchanged throughout all doses 
of low intensity gamma irradiation. (Fig 4.70) 
(ii) For high intensity gamma irradiation, stress at rupture show a slight initial decrease 
followed by minor variations with increasing doses. Strain at rupture show an 
initial lowering at lower doses and exhibit an increasing trend with increasing 
doses of high intensity gamma irradiation. (Fig 4.71) 
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Fig 4.70: Variation of stress at rupture and strain at rupture with low intensity 
doses (kGy scale) of gamma irradiation 
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Fig 4.71: Variation of stress at rupture and strain at rupture with high intensity 
doses (MGy scale) of gamma irradiation 
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Modulus 
Modulus values of the test samples on gamma irradiation show a similar trend of variation 
under both high and low intensity. However, the lowering of the modulus for lower 
intensities of the irradiation seems to be slightly greater than that with higher intensities of 
the irradiation. (Fig 4.72) 
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Fig 4.72: Variation of modulus with doses of gamma irradiation 
 
Glass Transition Temperature (Tg) 
(i) Tg values for all irradiated composite samples are lower than that for as-cured 
sample. (Fig 4.75) 
(ii) Tg values for all irradiated samples show minor differences between them.  (Fig 
4.75) 
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          Fig 4.73: DSC curves of the samples irradiated to low intensity doses (kGy scale) 
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          Fig 4.74: DSC curves of the samples irradiated to high intensity doses (MGy scale) 
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         Fig 4.75: Variation of Tg with gamma irradiation doses of low and high 
intensities 
 
TGA Analysis 
(i) As evident from the TGA thermograms, the percentage of weight loss increases 
with increase in radiation dose. (Fig 4.76) 
(ii) Lowest initial decomposition temperature (IDT) is recorded for the samples 
irradiated to maximum dose (10.5 MGy).  (Fig 4.77) 
(iii) Activation energy ( aE ) values are less for all irradiated samples under 
consideration compared to the as-cured sample. (Fig 4.80) 
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          Fig 4.76: TGA thermograms of GFRP composite samples  
 
 
Fig 4.77: Variation of initial decomposition temperatures (IDT) for GFRP composites 
with irradiation doses 
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Fig 4.78: Linear fit of the plot showing the variation of ln (ln(1/y)) vs 1000/T for as-
cured sample 
 
Fig 4.79: Linear fit of the plots showing the variation of ln (ln(1/y)) vs 1000/T for 
irradiated samples 
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Fig 4.80: Variation of activation energy for the GFRP samples with irradiation doses 
FT-IR Spectroscopy 
As evident from the FT-IR spectra, two new transmission bands near 1718cm
-1
 and 1645 
cm
-1
 are detected for the irradiated specimens. (Fig 4.81) 
 
Fig 4.81: FT-IR spectra of GFRP composite samples 
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SEM Fractographs 
As revealed from FESEM fractographs for the irradiated samples (Fig 4.82 and Fig 4.83), 
the failure may be due to anyone/ any combination of the following: fibre pull out, matrix 
cracking as well as crazing, fibre breakage, fibre/matrix debonding, etc.   
 
Fig 4.82: SEM fractographs of the composite samples irradiated to low intensity 
gamma doses (a) 10 kGy (b) 20 kGy (c) 30 kGy (d) 40 kGy (e) 50 kGy (f) 60 kGy 
                                  
 
Fig 4.83: SEM fractographs of the composite samples irradiated to high intensity 
gamma doses (a) 0.5 MGy (b) 2.5 MGy (c) 4.5 MGy (d) 6.5 MGy (e) 8.5 MGy           
(f) 10.5 MGy 
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4.6.4 Discussion 
 The gamma-irradiated composite specimens underwent colour change from off-
white to pale yellow for low intensity irradiation doses and to dark yellow for high 
intensity irradiation doses, as illustrated in Fig 4.68. The colour change phenomenon 
occurred possibly due to release of gases from the epoxy polymer upon radiation 
decomposition as a consequence of exposure to the irradiation [126, 129].  
     The ILSS values (Fig 4.69) of the GFRP composites subjected to lower intensity 
(KGY scale) gamma irradiation show decrease in ILSS values for lower doses. The effect 
of increased doses of low intensity irradiation is not very prominent for record. However, 
the composite samples show a small initial decrease of ILSS followed by an increasing 
trend with higher intensity gamma irradiation doses.    
The above mentioned phenomena are results of the gamma irradiation of sufficient 
energy which may induce the formation of radicals and ions in the epoxy polymer. These 
induced radicals may sometimes be trapped in the amorphous structure or may react with 
other radicals. When two radical sites meet or when a migrating radical meets a double 
bond, the polymer undergoes the cross-linking process causing enhancement of 
mechanical properties like the ILSS. On the other hand, prevention of radical migration 
may cause the bond scission by localization of the energy of radiation. This may lead to 
fibre/matrix debonding with concurrent mechanical deterioration in the polymer matrix 
[128]. Thus, lower doses of low intensity gamma irradiation could have localized in the 
polymer matrix giving rise to chain scission due to prevention of radical migration. Hence, 
decrease of ILSS is observed for the composite samples after lower doses of low intensity 
gamma irradiation. With further increase of dose of low intensity gamma irradiation, 
localization of gamma radiation might not have able to cause further chain scission in 
polymer to show any appreciable alternations in the ILSS values. Similarly, at lower doses 
of high intensity irradiation, chain scission of epoxy polymer could have resulted in initial 
small decrease of ILSS values.  However, the increasing doses of high intensity irradiation 
must have promoted the polymer chain cross-linking by free radical reactions as a result of 
radical migrations. Hence, ILSS values are found to increase for the samples with 
increasing doses of high intensity gamma irradiation. 
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Fig 4.70 and Fig 4.71 show the variations of stress at rupture and strain at rupture with 
varied doses of low and high intensity gamma irradiation, respectively. Stress at rupture 
initially decreases up to a considerable extent for lower doses of low intensity gamma 
irradiation. The initial decrease may be due to the breaking of polymeric chains as a result 
of prevention of radical migration. With increase in dose of low intensity irradiation, stress 
at rupture show minor variations. Probably, the higher doses of low intensity gamma 
irradiation are not able to cause sufficient chain scission to show any remarkable 
variations in stress at rupture values.  However, stress at rupture values show an initial 
small decrease followed by minor variations with increasing dose of high intensity gamma 
irradiation.  During higher intensity gamma irradiation, lower doses could have caused 
chain scission up to a minor extent causing small initial decrease in stress at rupture. Here, 
the lower doses of high intensity irradiation could not cause any radical migration to cause 
cross-linking the polymer chains. However, with increasing doses of high intensity gamma 
irradiation, cross-linking of epoxy polymer are likely to result in minor variations in stress 
at rupture values.  
Strain at rupture for all doses of low intensity gamma irradiation show a minor change. 
The value remains almost unaltered with dose variations. This shows that the strain 
behaviour is unaltered even after exposure to the low intensity irradiation. Chain scission 
seems not to be effective to bring any appreciable excitement for variation of the strain 
behaviour.  
Strain at rupture for higher intensity gamma irradiation doses show an initial decrease 
followed by an increasing trend later on for increasing doses. The initial decrease may 
refer to the matrix stiffening indicating increase of modulus values. This is also confirmed 
in modulus results showing an initial increase during low doses of high intensity gamma 
irradiation. The increasing values of strain at rupture with corresponding higher values of 
stress at rupture values signify the greater damage tolerance capacity and better toughness 
with respect to increasing doses of high intensity gamma irradiation.   
Fig 4.72 shows the variation of modulus with respect to different doses of low and 
high intensity gamma irradiation. For both low and high intensity gamma irradiation, 
modulus values decrease with initial doses.  The initial lowering is prominent in case of 
low intensity gamma irradiation. The lowering of modulus values may be a result of 
radiation induced damage process. Here, the localization of low dose gamma irradiations 
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of both low and high intensities could have caused the breaking of polymer network 
resulting in decrease of modulus values. However, the modulus values show minor 
variations with higher doses of both high and low intensity irradiations. This may be due 
to the fact that chain cross-linking is not prominent at higher doses of the irradiation. On 
the other hand, the increase of radiation dose could have induced the cross-linking process 
of polymeric chains. These two competing phenomena could have been responsible for the 
minor variations in the modulus values. 
The modulus values for the samples with high intensity gamma irradiation doses are 
higher than that for low intensity gamma irradiation doses. This may be due to the free 
radical reactions during high intensity irradiation causing high extents of cross-linking 
among the epoxy networks.   
Experimental data pertaining to the Tg values of as-cured and gamma irradiated 
specimens are shown in Fig 4.75. As evident from the plot, the Tg values are lowered for 
all the irradiated specimens compared to that for as-cured sample. The decrease of Tg 
values may be explained by the radiation induced degradation. The results are in 
agreement with the findings of Pintado and Miguel [131], who report that the decrease of 
Tg values with increasing gamma irradiation doses to Carbon fibre/epoxy composites are 
results of the concerned composite.  Similar results are also reported by Tenney and 
Slemps [177], who found a decrease in Tg for an epoxy matrix used in a composite 
material of around 50°C after gamma irradiation of dose 100 MGy as a result of radiation 
induced mechanical degradation. Further it is reported [126] that the radiation induced 
degradation may sometimes cause self plasticization in the polymer matrix resulting in 
decrease of cross-linking density. This process may reduce the Tg of the polymer 
composite up to considerable extent.  
Minor differences in the Tg values are observed for the test samples exposed to both 
low and high doses of gamma irradiation. The two competitive effects of chain cross-
linking (due to high intensity irradiation) and chain scission (due to low intensity 
irradiation) process could have lead to the insignificant differences in the Tg values of the 
gamma irradiated samples.  
The irradiated GFRP composites at the extremes of both high and low intensity 
irradiation,  along with as-cured sample are subjected to thermo-gravimetric analysis 
(TGA) for the study of decomposition pattern and thermal stability (Fig 4.76). The TGA 
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test is conducted at a heating rate of 10
0 
C/min under nitrogen atmosphere. The figure 
illustrates the following: 
(i) Percentage of weight loss is minimum for the as-cured sample 
(ii) The percentage of weight loss increases with increase in the dose of gamma 
irradiation.  
During thermo-gravimetric test, mass (weight) loss in polymer composites occurs due 
to volatilization of moisture or due to formation of minor amounts of residual organic 
species in the tested samples [178]. Thus, the polymeric matrix under exposure to 
maximum dose (10.5 MGy) of high intensity gamma irradiation is likely to undergo 
maximum radiation induced curing process owing to formation of some organic species 
which is reflected in the maximum percentage of weight loss for this sample.  
The minimum percentage of mass loss is observed for the as-cured sample. The 
samples exposed to lower doses under low intensity gamma radiation also do not exhibit 
any appreciable weight loss. This establishes that no or insignificant residual organic 
species are generated in either of the cases. Therefore, it can be concluded that the lower 
doses of irradiation under low intensity have no effect on the decomposition pattern and 
thermal stability of the test specimen. This is evident from the TGA thermograms showing 
approximately equal percentage of weight loss for these samples under question.  
The initial decomposition temperature (IDT) indicating 5% weight loss [126] in the 
sample is determined from the TGA thermograms and presented in Fig 4.77. IDT signifies 
the thermal stability of any material. The IDT values show minor variations for all the 
samples examined. However, on minute observations it is established that, IDT show 
minimum values for the samples exposed to maximum dose (10.5 MGy) of high intensity 
irradiation. This may be due to formation of more oligomers (molecular complex that 
consists of few monomers) [179] due to high intensity of irradiation. These oligomers with 
comparatively low molecular weights are likely to decompose early. Thus, the IDT in this 
case is lowered.   
The activation energy for thermal decomposition ( aE ) is calculated from the TGA 
thermograms (Fig 4.76) by using Broido’s integral method [142]. The method is discussed 
in detail elsewhere (Appendix-1).  
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The following equation is suggested by Broido: 
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    where, tw =weight of the specimen at any time ‘t’ 
               0w = initial weight 
               w = final weight after TGA test 
                T = absolute temperature recorded on the thermogram 
                R = gas constant (8.314 J/mole. K) 
                k = Constant 
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 (Fig 4.78 and Fig 4.79) according to equation (3.4).  
 
The variation of activation energy with respect to various doses of gamma irradiation 
(low and high intensity) is presented in Fig 4.80. The aE values are found less for all 
irradiated samples under consideration compared to the as-cured sample.  This may be due 
to the following. The oligomers (with lesser molecular weights) as a result of gamma 
irradiation require lesser activation energy for thermal decomposition process which is a 
function of temperature. The lesser values of initial decomposition temperatures (IDT) for 
the irradiated specimens, thus, require lesser activation energy for thermal decomposition 
during TGA test.  
The aE  values for the irradiated samples under consideration show minor changes. 
However, on minute observations, aE  values are seen to decrease for the sample 
irradiated to maximum dose (10.5 MGy) of high intensity gamma irradiation. The more 
numbers of oligomers as a result of high intensity gamma irradiation should have required 
lesser activation energy for thermal decomposition processes and the activation energy is a 
function of temperature. Thus, the lesser value of initial decomposition temperature 
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(299.5
0
C) indicates the lesser activation energy required for thermal decomposition of the 
concerned sample during TGA test.  
Fig 4.81 indicates the FT-IR spectra for the GFRP samples.  As evident from the 
spectra, two new transmission bands near the wave numbers 1718 cm
-1
 and 1645cm
-1
 are 
detected for the irradiated samples. The bands near 1718 cm
-1
 and 1645cm
-1
 are assigned 
to carbonyl group (carboxylic acids) and amide/aromatic ketone, respectively. The newly 
formed bands (functional groups) are also in agreement with Wu et al. [126], who found 
the same FT-IR spectra for gamma irradiated epoxy resin. The detection of two new 
functional groups may be due to oxidative reactions caused by irradiation (radio-
oxidation) [156]. Radio-oxidation reactions of epoxy resin are generally limited to surface 
of the material due to low oxygen diffusion coefficient [180]. Radio-oxidation at the 
surface of the GFRP composites during gamma irradiation causes colour changing of the 
specimens, as observed in Fig 4.68 and presented in discussions earlier.  
The scanning electron micrographs as presented in Fig 4.82 and Fig 4.83 pertain to the 
fracture surface of the GFRP composite specimens which are subjected to all doses of 
gamma irradiations of low and high intensity. The fractographic images of irradiated 
composite specimens exhibit some possible mode of failures. As revealed, the failure may 
be due to any or any combinations of fibre pull-out, fibre breakage, fibre/matrix 
debonding, matrix cracking, river line formation in the polymer indicating fibre/matrix 
debonding, matrix cracking as well as crazing etc. The thorough fractographic 
investigations confirmed the existence of more damages in case of all doses of low 
intensity gamma irradiations.  
4.6.5 Conclusions 
 The mechanical properties like ILSS, stress/strain at rupture and modulus are 
differently affected by high and low intensity gamma irradiation. All the irradiated 
samples show lower Tg values compared to that for as-cured sample. ILSS value decreases 
26.6 MPa of as-cured sample to 15 MPa after gamma irradiation of 60 kGy dose.             
Tg decreases from 120
0
C to 69.6
0
C for the same case of irradiation. ILSS value increases 
26.6 MPa to 28.1 MPa after gamma irradiation of 10.5 MGy dose. For this dose of 
irradiation (10.5 MGy), Tg depression is found to be 40% as compared to that for as-cured 
sample. Low intensity gamma irradiation causes more damages, as revealed through the 
SEM fractographs.                                                            
******* 
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CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
5.1 Conclusions 
The conclusive remarks based on the findings of the present investigations are presented 
here in short to enable one to assess the safe-use-life-span of the GFRP composite material 
and the most likely causes of its failure under the influence of the various 
conditions/combination of conditions to which it is most likely to be exposed to during its 
use.  
5.1.1 Exposure to Hygrothermal and Hydrothermal conditionings and thermal shock 
(i) Irrespective of the nature of exposure (whether hydrothermal or hygrothermal) 
moisture intake is responsible for the deterioration of the mechanical properties of 
GFRP and therefore, affects the life-span for safe use of the material, adversely.  
(ii) In this regard hygrothermal exposure is more damaging compared to hydrothermal 
conditioning. 
(iii) The deterioration of mechanical properties becomes more and more significant as the 
time of exposure increases. 
(iv) Under both up and down thermal shocks the GFRP composite samples with a pre-
exposure to hygrothermal/hydrothermal conditioning, show deterioration of 
mechanical properties though the ILSS of the sample may exhibit a slight increasing 
trend under down-thermal conditioning for the initial periods, owing to matrix 
hardening (e.g. after 60 days of hygrothermal conditioning, 19% increase of ILSS has 
been found for initial conditioning periods of down-thermal shock. This amount is 
found only 8% for the sample with hydrothermal conditioning for 60 days).  
(v) The Tg values of the moisture-treated (hygrothermal/hydrothermal) samples do not 
vary much on their exposure to either up-thermal or down-thermal shocks. This 
illustrates that the cross-linking density of the polymer matrix which affects the free 
volume and hence the Tg values, does not change much when the moisture-treated 
samples are exposed to thermal shock.  
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(vi) The SEM micrographs of fractured specimens reveal that the cause of failure may be 
anyone/any combinations of fibre breakage, fibre pull out, fibre-matrix debonding, 
etc.  
5.1.2 Exposure to Sea water immersion and thermal shock 
(i) Moisture intake as a consequence of immersion of the GFRP composite sample in sea 
water increases with increase of time of immersion resulting in deterioration of 
mechanical properties (ILSS) to greater extents with lapse of time. The ILSS 
decreases by 10% after the initial 6 months of immersion followed by 23% after 1 
year of immersion as compared to the ILSS value of the as-cured sample.  
(ii) The Tg value gets depressed to the highest extent after initial 2 months of immersion. 
However, increased periods of sea water immersion results in a depression in the Tg 
values.  
(iii) On immersion in sea water the moisture pick up by the GFRP composite sample is 
only 1.47% even after a period of 1 year, which is much less compared to 
hydrothermal exposures for 4 months (1.64%) and hygrothermal exposures for 3 
months (1.68%).  
(iv) On sea water immersion, different salts penetrate to different extents in to the epoxy 
resin. The order of penetration is Ca > K > Na, being governed by two factors, viz-
growth of microorganisms and catalytic effect.  
(v) Sea water immersed samples, on exposure to up-thermal and down-thermal shocks, 
show small variations in the ILSS value, after an initial non-equilibrium zig-zag 
variation trend (ILSS values are fluctuated within 21 MPa to 20 MPa for 1 year sea 
water immersed samples). However, these values for the thermally treated samples 
decrease in general with the increase of the immersion period.  
(vi) Tg values show small variations as compared to the as-cured sample, for all periods of 
immersion and for both up and down-thermal shocks. However, for the sample with 
immersion period of 2 months, the Tg value actually increased for both up and down-
thermal shocks.  
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(vii) As revealed from the SEM fractographs, the cause of failure of the GFRP composite 
sample may be anyone or any combination of the following factors: fibre pull-out, 
fibre-matrix debonding, cusp formation indicating polymer crazing, matrix cracking, 
fibre breaking, etc.  
5.1.3 Sea water flow in a GFRP pipe 
(i) The initial (2 months) rate of moisture pick up when sea water is made to flow in the 
GFRP composite pipe, is high due to concentration driven moisture absorption 
process. Subsequently, the rate of moisture pick up decreases as the trace elements 
deposit on the composite surface and inhibit moisture ingression physically (2 to 10 
months). During the last 2 months of sea water flow, the rate of moisture ingression is 
enhanced adopting a non-Fickian absorption mode.  
(ii) In general the ILSS value decreases with the increase of the period of sea water flow. 
However, the rate of decrease of ILSS, which is 16% for the first 6 months, 
diminishes to 7% in the next ‘6’ months (6 to 12 months).  
(iii) Tg values decrease, in general, with the increased periods of sea water flow. The 
depression in Tg values may be due to the action of flow pressure which hampers 
better confinement of epoxy network by chain scission process.  
(iv) The order of depth of salt penetration in to the GFRP composite on sea water flow is 
similar to that on immersion of the sample in sea water (Ca > Mg > K > Na). 
However, the depth of penetration and the rate of penetration are different which may 
be due to the availability of a dynamic interface between sea water and the inside 
surface of the GFRP pipe which assists the growth of micro-organisms.  
5.1.4 Exposure to Gamma irradiation  
(i) The irradiated specimens show colour change indicating radiation induced 
decomposition process as a result of release of gases from the epoxy resin matrix.  
(ii) Mechanical properties (ILSS, Stress at rupture, strain at rupture and modulus) of the 
GFRP composite samples are differently affected by high and low intensity gamma 
irradiation. High intensity gamma irradiation causes cross-linking of epoxy networks 
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as a result of free radical reaction, for which the mechanical properties of the 
composite samples are higher compared to that under low intensity exposures.  
(iii) Tg values for all the specimens is lowered on exposure of irradiation. The radiation 
induced degradation as a consequence of decrease in cross-linking density in polymer 
network could have resulted in the decrease in Tg values for all the irradiated samples. 
(iv) As evident from the TGA analysis, the percentage of weight loss is increased with 
increase in gamma doses. The formation of some organic species with low molecular 
weights (oligomers) owing to radiation induced curing process resulted in increase of 
weight loss with increasing gamma doses.  
Initial decomposition temperature (IDT) showing 5% weight loss in the sample is 
minimum for the sample irradiated to maximum dose of high intensity irradiation. 
The activation energy ( aE ) values calculated by the use of Broido’s integral method 
for thermal decomposition process are decreased for the irradiated specimens. The 
least activation energy is reported for the sample irradiated to maximum dose of high 
intensity gamma irradiation. This is also in line with the IDT values.  
(v) FTIR spectra of the irradiated GFRP samples reveal the formation of two new 
functional groups, carbonyl group and aromatic ketone, respectively. The formation 
of the functional groups is due to the radio-oxidation reaction at the surface of GFRP 
composites exhibiting colour change during irradiation treatment.  
(vi) Causes of failures revealed by SEM analysis may be due to anyone/any comnbination 
of the following: fibre pull-out, fibre breaking, fibre-matrix debonding, matrix 
cracking as well as crazing. However, as per the SEM fractographs, low intensity 
gamma irradiation is responsible for causing more damages in the GFRP composite 
samples.  
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The percentage increase/decrease of the mechanical properties and the rate of variation of 
them as a consequence of moisture ingression have been presented in Table 5.1 and Table 5.2 
to assess the safe-use-life-span of the material. It is observed that: 
(i) Decrease of ILSS is almost of same magnitude (23% maximum) for all the 
conditionings (for all maximum periods: 3 months for hygrothermal conditioning, 4 
months for hydrothermal conditioning and 1 year for sea water immersion and 1 year 
for sea water flowing) of the material over prolonged periods. So ILSS may be 
considered as “not affected” (above 23%) with lapse of time. Design stress of a 
component can thus, be made less than this value (23% of as-cured sample), so that 
the component can be safely used under the exposures and time periods of exposures 
respectively, as listed above.  
(ii) Stress at rupture decreases by 25% as compared with the as-cured value after 2 
months of sea water flowing and 22% after 1 year. All other exposures indicate no 
such reduction beyond 22%. Thus, it may be of interest to note that further exposure 
to any of the conditioning (beyond 1 year) may not deteriorate the stress to rupture 
any further (beyond 22%).  
(iii) Rate of increase/decrease of any parameter pertaining to the mechanical properties of 
GFRP composite (ILSS, stress and strain at rupture) decreases with increasing 
duration of exposures. Specially, the rate of variation is minimum in case of sea water 
ageing (immersion and flowing). This indicates that prolonged use of the material 
under saline conditions does not affect the mechanical characteristic properties of the 
material to any extent.  
(iv) The above indicates that the material is suitable for safe use for prolonged periods 
under the conditions to which it is exposed, as indicated. The decreased rates of 
property alterations with time only reflect that the material is most suited for safe use 
over a longer period.  
The experimenter, on the basis of the findings, recommends the safe use of GFRP pipes 
for transport of sea water over years. The experimental results establish a decreasing trend 
in the property deterioration with the increase of time of transport of sea water in the GFRP 
composite pipe. Thus, the use of the said pipes over a prolonged period for the transport of 
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sea water is highly recommended as such an use will arrest the process of deterioration 
permitting its use over a prolonged period. 
5.2 Recommendations for Future work 
The present investigation demands the following recommendations for future work: 
(i) Cell culture study has to be done so that the findings became more reflective for the 
practical situation. 
(ii) Bacterial characterization has to be performed to detect the growth of micro organism 
in favor of different salt components of sea water. 
(iii)GFRP composites cured with different techniques are to be included for the present 
investigation 
 
Table 5.1: Percentage of increase ( )/decrease ( ) of mechanical properties with respect to 
as-cured sample 
Exposures Duration of 
Exposures 
(Months) 
% of 
increase/  
decrease of 
ILSS 
% of increase/  
decrease of 
Stress at 
Rupture 
 
% of increase/  
decrease of 
Strain at 
Rupture 
Hygrothermal 
Conditioning 
2  17 % ( ) 11% ( ) 29% ( ) 
3 24% ( ) 21% ( ) 30% ( ) 
Hydrothermal 
Conditioning 
2 17% ( ) 15% ( ) 29% ( ) 
4 23% ( ) 20% ( ) 28% ( ) 
Sea Water 
Immersion 
2 1%   ( ) 6% ( )     0.2% ( ) 
12 23% ( ) 16% ( ) 20% ( ) 
Sea Water 
Flowing 
2 30% ( ) 25% ( )   6% ( ) 
12 23% ( ) 22% ( ) 16% ( ) 
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Table 5.2: Rate of increase ( )/decrease ( ) of mechanical properties for various exposing 
conditions  
 
 
                                                             ********* 
Exposures Duration of 
Exposures 
 
Rate of 
increase/  
decrease of 
ILSS 
(MPa/day) 
rate of increase/  
decrease of 
Stress at Rupture 
(MPa/day) 
 
rate of increase/  
decrease of 
Strain at Rupture 
(/day) 
 
 
 
Hygrothermal 
Conditioning 
 
15 days 0.24 ( ) 0.148 ( ) 0.0004 ( ) 
30 days 0.06 ( ) 1.362 ( ) 0.002 ( ) 
45 days 0.003 ( ) 0.33 ( ) 0.001 ( ) 
60 days 0.014 ( ) 0.8 ( ) 0.0001 ( ) 
75 days 0.058 ( ) 1.61 ( ) 0.0002 ( ) 
90 days 0.05 ( ) 0.56 ( ) 0.0004 ( ) 
 
 
 
Hydrothermal 
Conditioning 
20 days 0.10 ( ) 0.441 ( ) 0.0002 ( ) 
40 days 0.03 ( ) 1.08 ( ) 0.0001 ( ) 
60 days 0.09 ( ) 1.188 ( ) 0.0003 ( ) 
80 days 0.003 ( ) 0.03 ( ) 0.0001 ( ) 
100 days 0.04 ( ) 0.678 ( ) 0.00005 ( ) 
120 days 0.01 ( ) 0.32 ( ) 0.00004 ( ) 
 
 
Sea Water 
Immersion 
2 months  0.008 ( ) 0.381 ( ) 0.000001 ( ) 
4 months 0.006 ( ) 0.048 ( ) 0.00002 ( ) 
6 months 0.03 ( ) 0.80 ( ) 0.0004 ( ) 
8 months 0.003 ( ) 0.11 ( ) 0.00001 ( ) 
10 months 0.001 ( ) 0.19 ( ) 0.00002 ( ) 
12 months 0.049 ( ) 0.05 ( ) 0 
 
Sea Water Flowing 
 
2 months  0.13 ( ) 1.45 ( ) 0.00003 ( ) 
4 months 0.05 ( ) 0.09 ( ) 0.0006 ( ) 
6 months 0.006 ( ) 0.17 ( ) 0.00007 ( ) 
8 months 0.03  ( ) 0.28 ( ) 0.000006 ( ) 
10 months 0.00008 ( ) 0.51 ( ) 0.00004 ( ) 
12 months 0.004 ( ) 0.32 ( ) 0.0002 ( ) 
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APPENDIX-1 
Integral Method derived by Broido  
This method is applicable for calculation of activation energy for thermal 
decomposition process of any material during thermogravimetric analysis [142]. During 
TGA test, the mass loss occurs in the specimen. Hence, the weight at any time can be 
monitored from the TGA thermogram.  
 Suppose that a pure solid substance heated in a vacuum show pyrolysis via any 
reaction. Here, Broido assumed the pyrolysis products to be volatile.  
       If, 0W = Initial weight of the specimen 
            tW = Weight of the specimen at any time‘t’ during TGA test 
            W = Final weight of the specimen after completion of TGA test.  
Then, a parameter ‘ y ’ can be determined which can indicate the fraction of the number 
of initial molecules not showing any thermal decomposition after the completion of 
thermogravimetric analysis. 
  For which, 
 
 




WW
WW
y t
0
                      (1) 
    If the pyrolysis is carried out isothermally, the reaction rate is given by,  
                  nyk
dt
dy
                               (2) 
    where, n = order of reaction 
                k = Rate constnt 
If the rate constant, ‘ k ’ changes with absolute temperature, then according to Arrenius 
equation: 
                   RT
E
eAk

                              (3) 
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And if, instead of operating isothermally, the absolute temperature ‘T ’ is a linear 
function of time ‘ t ’, i.e. utTT  0                                               (4)     
Hence, equations (2), (3) and (4) may combine to give 
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The TGA thermograms for such a reaction represents equation (5), which may be 
integrated from a temperature 0T =0 at which 1y  
As at initial temperature, 0WWt  , equation (5) becomes: 
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                                                           Approximations 
Approximation-1 
Van Krevelen et al [181] noting that almost the entire measurable reaction usually occurs 
within %10 of MT , which is the temperature of maximum reaction rate.  
Thus, on applying the following approximation to the right hand part of equation (8),  
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With this above approximation, equation (8) becomes: 
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   By integrating and taking logarithm on both sides, then, one obtains: 
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indicate   the activation energy for thermal decomposition.  
 
   Approximation-2 
   Horowitz and Metzger [182] introduced one approximation.  
           Since ,  
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       Horowitz and Metzger assumed that; 22 TTM  TTM2                      (14) 
              Hence, 
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     Thus, substituting equation (16) in equation (8), one obtains: 
             dTe
u
A
y
T
T
T
T
RT
E
MM
















0
21
ln                                                        (17) 
 
257 
 
     On integrating and taking logarithm on both sides of equation (17), one can obtain: 
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    Aproximation-3 
   Horowitz and Metzger [183] proposed another approximation in the following way: 
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   Thus, equation (5.8) becomes: 
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  On integrating and taking logarithm on both sides of equation (17), one can obtain: 
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 The slope of the plot between 
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provides activation energy. As per 
Broido [142], equation (22) allows for the accurate estimation of activation energy for 
polymeric samples. Equation (22) is used to calculate the activation energy for thermal 
decomposition of   gamma irradiated GFRP composite.  
 N. B.: [181], [182] and [183] are listed in Bibliography.     
        
                                                      ******** 
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APPENDIX-2 
ERROR CHART 
Table 1: Error values of ILSS, Stress at rupture, Strain at rupture and modulus for 
hygrothermally conditioned E-glass fibre/epoxy composites 
Hygrothermal 
exposure 
In days 
ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
0 (As-Cured)   0.25   10.2   0.001   292 
15   0.33   14.1   0.001   227 
30   0.49   16.2   0.002   327 
45   0.6   11.8   0.001  296 
60   0.38   13.3   0.001   176 
75   0.18   17.8   0.001   245 
90   0.68   8.8   0.001  107 
        
 
Table 2: Error values of ILSS, Stress at rupture, Strain at rupture and modulus for 
hydrothermally conditioned E-glass fibre/epoxy composites 
Hydrothermal 
Immersion 
In days 
ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
20   0.45  13.6   0.001   212 
40   0.22   18.6   0.001   90 
60   0.42   11.9   0.001   144 
80   0.71   16.5   0.001   155 
100   0.47   12.5   0.001   163 
120   0.21  9.9   0.001   96 
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Table 3: Error values of ILSS, Stress at rupture, Strain at rupture and modulus for 
Hygrothermally conditioned glass fibre/epoxy composites exposed to Up-Thermal Shock 
Hygrothermal 
conditioning 
in days 
Up-Thermal Shock ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
-40
0
C 
(hour) 
+50
0
C 
(hour) 
 
 
15 
1 2   0.33   21.5   0.001   185 
2 2   0.55  18.9   0.001   229 
3 2   0.32   16.6   0.001   286 
4   2   0.22   12.65   0.001  321 
5 2   0.31   17.6   0.001   103 
 
 
30 
1 2   0.67   26.5   0.001   345 
2 2   0.65  11.63   0.001  213 
3 2   0.75   18.9   0.001   192 
4    2   0.42   13.5   0.001   141 
5 2   0.32   16.4   0.001   83 
 
 
45 
1 2   0.81   9.9   0.001  311 
2 2   0.77  10.03   0.001   276 
3 2   0.75   10.2   0.001   205 
4    2   0.34  13.6   0.001  216 
5 2   0.29   18.6   0.001   92 
 
 
60 
1 2   0.79   11.9   0.001   255 
2 2   0.68   16.5   0.001   231 
3 2   0.53   12.5   0.001  296 
4   2   0.61  9.9   0.001   183 
5 2   0.36   11.5   0.001   145 
 
 
75 
1 2   0.73  22.9   0.001  266 
2 2   0.16   16.9   0.001   298 
3 2   0.3   14.3   0.001   167 
4   2   0.49   17.1   0.001   188 
5 2   0.71   13.5   0.001  105 
 
 
90 
1 2   0.35  18.63   0.001   195 
2 2   0.51  20.4   0.001   135 
3 2   0.64   15.5   0.001  181 
4   2   0.28   16.6   0.001   139 
5 2  0.22   14.03   0.001  116 
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Table 4: Error values of ILSS, Stress at rupture, Strain at rupture and modulus for 
Hydrothermally conditioned glass fibre/epoxy composites exposed to Up-Thermal Shock 
Hydrothermal 
conditioning 
in days 
Up-Thermal Shock ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
-40
0
C 
(hour) 
+50
0
C 
(hour) 
 
 
20 
1 2   0.23   26.6   0.001   196 
2 2   0.36  20.9   0.002   132 
3 2   0.51   21.05   0.001   206 
4   2   0.26   18.64   0.001  221 
5 2   0.11   17.1   0.001   146 
 
 
40 
1 2   0.64   29.36   0.001   245 
2 2   0.55  17.75   0.001  211 
3 2   0.95   18.1   0.001   162 
4  2   0.81   23.5   0.001   136 
5 2   0.22   11.55   0.001   102 
 
 
60 
1 2   0.71   22.36   0.001  258 
2 2   0.76  14.02   0.001   311 
3 2   0.65   16.69   0.001   176 
4   2   0.31  15.56   0.001  164 
5 2   0.11   14.64   0.001   96 
 
 
80 
1 2   0.87   18.98   0.001   281 
2 2   0.56   20.01   0.001   246 
3 2   0.61   22.32   0.001  177 
4   2   0.48  25.5   0.001   131 
5 2   0.26   11.32   0.001   119 
 
 
100 
1 2   0.77  22.9   0.001  289 
2 2   0.64   16.7   0.001   241 
3 2   0.44   13.36   0.001   148 
4   2   0.39   16.9   0.001   111 
5 2   0.21   17.73   0.001  103 
 
 
120 
1 2   0.85  21.58   0.001   223 
2 2   0.59  21.32   0.001   258 
3 2   0.63   9.69   0.001  171 
4   2   0.23   15.66   0.001   159 
5 2  0.16   10.48   0.001  144 
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Table 5: Error values of ILSS, Stress at rupture, Strain at rupture and modulus for 
Hygrothermally conditioned glass fibre/epoxy composites exposed to Down-Thermal Shock 
Hygrothermal 
conditioning 
in days 
Down-Thermal 
Shock 
ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
+50
0
C 
(hour) 
-40
0
C 
(hour) 
 
 
15 
1 2   0.33   25.6   0.001   266 
2 2   0.26  21.93   0.001   231 
3 2   0.24   18.05   0.001   156 
4   2   0.16   17.34   0.001  201 
5 2   0.18   17.73   0.001   196 
 
 
30 
1 2   0.64   19.43   0.001   254 
2 2   0.53  21.41   0.001  218 
3 2   0.35   18.34   0.001   168 
4    2   0.31   16.53   0.001   174 
5 2   0.2   22.01   0.001   108 
 
 
45 
1 2   0.32   15.63   0.001  296 
2 2   0.46  16.09   0.001   278 
3 2   0.35   16.61   0.001   246 
4    2   0.29  14.53   0.001  301 
5 2   0.14   18.8   0.001   241 
 
 
60 
1 2   0.73   20.09   0.001   293 
2 2   0.44   11.51   0.001   211.5 
3 2   0.31   27.54   0.001  215 
4    2   0.31  23.9   0.001   152 
5 2   0.23   16.33   0.001   122 
 
 
75 
1 2   0.17  18.66   0.001  287 
2 2   0.23   26.7   0.001   209 
3 2   0.12   25.46   0.001   211 
4    2   0.19   21.41   0.001   194 
5 2   0.11   14.54   0.001  114 
 
 
90 
1 2   0.15  22.32   0.001   231 
2 2   0.52  15.5   0.001   248 
3 2   0.23   14.09   0.001  176 
4    2   0.18   14.58   0.001   46 
5 2  0.18   14.63   0.001  113 
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Table 6: Error values of ILSS, Stress at rupture, Strain at rupture and modulus for 
Hydrothermally conditioned glass fibre/epoxy composites exposed to Down-Thermal Shock 
Hydrothermal 
conditioning 
in days 
Down-Thermal 
Shock 
ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
+50
0
C 
(hour) 
-40
0
C 
(hour) 
 
 
20 
1 2   0.31   35.6   0.001   183 
2 2   0.56  16.6   0.002   232 
3 2   0.21   21.03   0.001   212 
4    2   0.32   17.54   0.001  215 
5 2   0.21   16.63   0.001   221 
 
 
40 
1 2   0.44   18.53   0.001   244 
2 2   0.13  20.09   0.001  269 
3 2   0.15   21.09   0.001   188 
4   2   0.11   18.4   0.001   196 
5 2   0.2   12.25   0.001   114 
 
 
60 
1 2   0.38   25.5   0.001  158 
2 2   0.24  20.6   0.001   173 
3 2   0.28   18.44   0.001   201 
4    2   0.34  16.06   0.001  163 
5 2   0.25   13.61   0.001   78 
 
 
80 
1 2   0.65   20.09   0.001   225.5 
2 2   0.53   9.53   0.001   201 
3 2   0.45   14.56   0.001  193 
4    2   0.34  13.3   0.001   177 
5 2   0.21   12.4   0.001   181 
 
 
100 
1 2   0.24  20.03   0.001  222 
2 2   0.34   29.5   0.001   206 
3 2   0.31   23.1   0.001   201 
4    2   0.19   21.55   0.001   193 
5 2   0.26   23.4   0.001  145.5 
 
 
120 
1 2   0.18  16.64   0.001   106 
2 2   0.23  20.02   0.001   194 
3 2   0.13   18.1   0.001  213 
4    2   0.18   14.46   0.001   211 
5 2  0.2   9.3   0.001  174 
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Table 7: Error values of ILSS, Stress at rupture, Strain at rupture and modulus for Sea 
water immersed E-glass fibre/epoxy composites 
Sea Water 
Immersion 
In Months 
ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
2   0.23  23.6   0.001   223 
4   0.41   17.08   0.001   102 
6   0.12   16.5   0.001   246 
8   0.11   16.1   0.001   211 
10   0.21   19.5   0.001   174 
12   0.16  11.2   0.001   114 
 
 
Table 8: Error values of ILSS, Stress at rupture, Strain at rupture and modulus for E-glass 
fibre/epoxy composites after flowing of sea water for various periods 
Sea Water Flow 
In Months 
ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
2   0.28  33.6   0.001   211 
4   0.33   14.01   0.001   215 
6   0.26   13.6   0.001   266 
8   0.28   21.95   0.001   175 
10   0.18   16.6   0.001   141 
12   0.16  12.34   0.001   94 
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Table 9: Error values of ILSS, Stress at rupture, Strain at rupture and modulus for Sea 
water immersed glass fibre/epoxy composites exposed to Up-Thermal Shock 
Sea Water 
Immersion in 
Months 
Up-Thermal Shock ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
-40
0
C 
(hour) 
+50
0
C 
(hour) 
 
 
2 
1 2   0.21   34.1   0.001   281 
2 2   0.23  26.69   0.001   266 
3 2   0.31   11.03   0.001   231 
4 2   0.26   16.61   0.001  114 
5 2   0.24   18.03   0.001   178 
 
 
4 
1 2   0.28   18.5   0.001   125 
2 2   0.27  21.59   0.001  165 
3 2   0.18   12.09   0.001   174 
4 2   0.19   14.04   0.001   205 
5 2   0.21   12.5   0.001   201 
 
 
6 
1 2   0.24   15.59   0.001  255 
2 2   0.3  19.5   0.001   267 
3 2   0.21   16.7   0.001   240 
4 2   0.43  21.54   0.001  132 
5 2   0.15   11.6   0.001   141 
 
 
8 
1 2   0.64   14.23   0.001   228 
2 2   0.26   14.1   0.001   211 
3 2   0.29   20.07   0.001  254 
4 2   0.39  21.9   0.001   166 
5 2   0.22   13.3   0.001   180 
 
 
10 
1 2   0.14  18.8   0.001  198 
2 2   0.18   19.64   0.001   156 
3 2   0.11   13.01   0.001   148 
4 2   0.12   11.5   0.001   196 
5 2   0.16   14.6   0.001  143 
 
 
12 
1 2   0.18  18.6   0.001   178 
2 2   0.19  16.06   0.001   134 
3 2   0.23   14.56   0.001  212 
4 2   0.18   14.09   0.001   214 
5 2  0.16   11.2   0.001  163 
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Table 10: Error values of ILSS, Stress at rupture, Strain at rupture and modulus for Sea 
water immersed glass fibre/epoxy composites exposed to Down-Thermal Shock 
Sea Water 
Immersion in 
Months 
Down-Thermal 
Shock 
ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
+50
0
C 
(hour) 
-40
0
C 
(hour) 
 
 
2 
1 2   0.31   14.56   0.001   211 
2 2   0.2  16.58   0.001   254 
3 2   0.18   22.4   0.001   213 
4 2   0.41   20.9   0.001  221 
5 2   0.32   18.5   0.001   214 
 
 
4 
1 2   0.26   21.3   0.001   230 
2 2   0.24  26.64   0.001  211 
3 2   0.18   25.5   0.001   224 
4 2   0.16   13.3   0.001   214 
5 2   0.11   13.69   0.001   231 
 
 
6 
1 2   0.34   31.4   0.001  209 
2 2   0.23  19.5   0.001   216 
3 2   0.15   16.06   0.001   216 
4  2   0.14  18.5   0.001  234 
5 2   0.15   12.6   0.001   216 
 
 
8 
1 2   0.48   14.53   0.001   241 
2 2   0.53   16.6   0.001   231 
3 2   0.58   18.09   0.001  205 
4   2   0.31  20.3   0.001   175 
5 2   0.21   14.6   0.001   177 
 
 
10 
1 2   0.18  16.67   0.001  214 
2 2   0.19   14.2   0.001   230 
3 2   0.22   16.4   0.001   216 
4 2   0.28   18.9   0.001   190 
5 2   0.3   14.03   0.001  175 
 
 
12 
1 2   0.15  15.56   0.001   195 
2 2   0.21  16.8   0.001   214 
3 2   0.2   18.5   0.001  206 
4   2   0.18   14.9   0.001   156 
5 2  0.15   16.3   0.001  164 
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Table 11: Error values of ILSS, Stress at rupture, Strain at rupture and modulus for E-glass 
fibre/epoxy composites after after gamma irradiation of low intensity doses in kGy scale 
Gamma irradiation 
of low intensity 
(dose in kGy) 
ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
10   0.31  31.3   0.001   198 
20   0.32   26.5   0.001   196 
30   0.16   21.4   0.001   215 
40   0.38   11.5   0.001   183 
50   0.19   14.5   0.001   201 
60   0.14  16.6   0.001   139 
 
 
Table 12: Error values of ILSS, Stress at rupture, Strain at rupture and modulus for E-glass 
fibre/epoxy composites after after gamma irradiation of high intensity doses in MGy scale 
Gamma irradiation 
of high intensity 
(dose in MGy) 
ILSS 
(MPa) 
Stress 
at Rupture 
(MPa) 
Strain 
at Rupture 
Modulus 
(MPa) 
0.5   0.4  26.6   0.001   111 
2.5   0.23   29.5   0.001   168 
4.5   0.21   30.04   0.001   185 
6.5   0.28   18.5   0.001   203 
8.5   0.31   16.9   0.001   195 
10.5   0.21  21.54   0.001   213 
 
 
 
 
                                                      ******** 
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